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ABSTRACT

The objective of this investigation was to establish
an in vitro counterpart to the in vivo graft-versus-host react-
ion. The generation in vitro of plaque-forming cells from
spleen of rabbits previously immunized with sheep red blood
cells could be completely suppressed by the simultaneous in-
cubation of the memory cells with allogeneic circulating lymph-
ocytes, sacculus rotundus, appendix or Peyer's patches cells
(collectively referred to as SAPP effector cells). Spleen and
lymph node cells were less effective in inhibiting the in vitro
immune response whereas thymus and bone marrow exhibited no
inhibitory activity. It was demonstrated that the inhibition
of the generation of plague-forming cells is not mediated by
the release of cytotoxic antibodies directed to the memory
spleen cells by the allogeneic lymphocytes.

Pollowing immunization with the appropriate antigen,
allogeneic lymphocytes or SRBC so as to induce cell mediated
and humoral respvonses respectively, the effector cells were
shown to migrate to the thymus, whereas antibody forming cells
were shown to migrate initially to the Peyer's patches.

These results cupport the conclusion that the reaction
represents an in vitro counterpart of the graft-versus-host
reaction and imply a SAPP organ origin for the cells mediating

this reaction in the rabbit.
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CHAPTER ONE

ABBREVIATIONS USED IN THE TEXT

Ag

ARC

BGG

BSA

CMI
GALT
GVHR
HRBC

ig

Med. PS.

Memory rabbits
NRS
PFC

SAPP organs

SAPP cells

SRBC

(3

antibody

antibody-forming cell
antigen

antigen reactive cell
bovine gamma globulin
bovine serum albumin

cell mediated immunity
gut associated lymphoid tissue
graft-versus-host reaction
horse red blood cells
immunoglobulin

medium containing penicillin and
streptomycin

rabbits immunized 3-6 months previously
normal rabbit serum
plaque~-forming cells

sacculus rotundus, appendix and
Peyer's patches

cells from SAPP organs

sheep red blood cells
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CHAPTER TWO

HISTORICAL REVIEW

I THE LYMPHOID SYSTEM AS A SOURCE OF THE

IMMUNOCOMPETENT CELL.

A. General Considerations.

The fundamental function of the immune
response is to serve as a means of defense against
infection by invading organisms. This is usually
accomplished by the secretion of specific antibody
into the circulation directed against the invasive
agent. In addition, it is now generally accepted
that rejection of foreign tissue grafts, defense
against certain viral infections and the prevention
of aberrent cell differentiation are functions that
can be directly attributed to the immunological
system.

The immune response itself is a complex
phenomenon involving the differentiation of cells
in at least two directions-- one of these leads to

the produétion of cells which specialize in the

L
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synthesis and secretion of humoral antibodies of the
various immunoglobulin classes while the other leads
to the produgtion of specifically sensitized cells
which are responsible for initiating the events gen-
erally referred to as cell-mediated immunity.

Considerable evidence has accumulated which
unequivocally implicates the lymphocyte, to the ex-
clusion of all other cells, in the mediation of the
immune response.

In this chapter, the role played by the
lymphoid system in the immune response is reviewed
with particular reference to the heterogeneity of
the system, the pluripotentiality of the lymphoid
cells and the interactions which occur between the
cells of the different lymphoid organs following

antigenic stimulation.

B. Central and Peripheral Lymphoid

Systems.
A central lymphoid organ has been defined
by Richter and Algom (18) and Parrot and de Soussa (11)
as an organ the extripation of which leads to histo-

logical changes in one or more of the other lymphoid
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organs. These histological changes usually consist

of the depletion of lymphocytes from well demarcated
areas in the other lymphoid organs such as the lymph
nodes, spleen and appendix (19). From an immunologic
point of view, a central lymphoid organ has been de-
fined as one which seeds the peripheral organs with
immunocompetent cells or the precursors of these

cells. Glick observed that the bursa of Fabricius

is essential for the development of lymphoid cells
capable of antibody production (1) a fact that was
further confirmed by other studies (2,3). Similarly,
the studies of Miller et al (4) and of Good et al (5)
have shown that the thymus, like the bursa, behaves

as a central lymphoid organ mainly engaged in cellular
immunity. By definition, these two organs are central
lymphoid organs since they contain lymphoid cells which
are in the process of differentiation but do not as

yet exercise the immunological functions attributable
to fully differentiated immunocompetent cells. This
has been demonstrated by the lack of capacity of cells
from the thymus to exercise graft-versus-host reactions
(6) and of bursal cells to produce antibodies (7). Ac-

cordingly, the generally accepted view is that an
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undifferentiated lymphoid bone marrow stem cell
will, for example, enter the thymus where it will
be subjected to the influence of that organ, and
proliferate into a population of cells capable of
expressing graft rejection, delayed hypersensitiv-
ity, and graft-versus-host reactions, the so call-
ed thymus dependent functions, following their ex-
pulsion from the thymus into the circulation (5,8).

Similarly, a stem cell entering the bursa
of birds, or the gut-associated lymphoid organs of
certain mammals will, under the influence of that
organ, differentiate into a population of lymphoid
cells capable of producing antibodies in the appro-
priate peripheral lymphoid tissues (9). Any direct
immunological function which the central lymphoid
organs may possess can be attributed to the presence
of mature lymphocytes in these organs that either
have not yet migrated to the periphery or which con-
stitute a peripheral lymphoid component within the
central lymphoid organ (10).

Peripheral lymphoid organs, on the other
hand, are defined as organs the extripation of which

does not lead to any detectable histological changes
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in any of the other organs (18). In the peripheral
lymphoid organs immunocompetent lymphocytes show
two distinctive distribution patterns. The lympho-
cytes which occupy the deep cortical areas of the
lymph nodes and perivascular areas of splenic fol-
licles are responsible for delayed hypersensitivity
reactions, allograft rejection, and graft-versus-
host reactions. These cells are dependent on the
thymus for their maintenance and function (19).

The other population of immunocompetent lymphocytes
constitute the inner and outer mantle areas of pri-
mary follicles in the lymph nodes as well as those
of the spleen. These cells are bursa dependent and
give rise to antibody forming cells or their precur-
sors (3, 11).

Since the cells to which immunological
functions have been attributed constitute cells of
thymic (T-cells) origin and bone marrow (B-cells)
origin, it is necessary at this point to discuss

these cells in a more detailed manner.

cC. Bone Marrow Dependent or Bone Marrow

Derived Cells (B-Cells).

Cells originating from bone marrow cells
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are generally referred to as B-cells. It has been
shown that immunocompetent cells are derived from
bone marrow or fetal liver cells during embryonic
life (12). Experiments by Trentin et al (13) have
shown that, upon transfer of syngeneic marrow deriv-
ed hematopoietic spleen colonies to irradiated mice,

a large population of immunocompetent cells of donor

origin, as shown by Tg chromosome marker, is establish-

ed in the spleen, mesenteric nodes and bone marrow
of recipient animals (13). However, Claman et al (15)
have demonstrated the necessity for transferring both
thymus and marrow cells into heavily irradiated reci-
pients in order to obtain a plaque forming cell (PFC)
response to SRBC.

Further support of the bone marrow origin

of the cell responsible for antibody production was

- shown conclusively by-Wu et al (16, 17). They infus-

ed syngeneic chromosomally-marked bone marrow cells
into lethally irradiated recipients. The same chro-
mosome marker was found in hemopoietic colonies of
the spleen, thymus and the popliteal lymph nodes.
Following the foot pad injection of SRBC, more than
50% of the dividing cells in the regional lymph node

carried the donor chromosome marker and were capable
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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 (16,
17).

D. Thymus Dependent or Thymus Derived

Cells (T-Cells).

Although stem cells for all immunocompetent
cells exist in the bone marrow, whether these cells
will exhibit humoral or cellular immunity is prob-
ably determined by whether they come under the in-
fluence of the thymus or the bursa.

The demonstration by Miller (20) that
neonatal thymectomy in mice prevented the proper
development of all cell mediated and some antibody
responses revealed the thymus as a tissue of unique
importance. Removal of the thymus in adult life had
no apparent immediate consequences on the capacity
of the thymectomized animal to mount an immune res-
ponse (20). Neonatal thymectomy, however, resulted
in the depletion of cells in the periarteriolar re-

gions of the spleen, the paracortical areas in lymph
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nodes, the majority of thoracic duct lymphocytes and
about 50% of the circulating lymphocytes (21). From
a functional standpoint the lack of such cells could
be correlated with a deficiency in the ability to
reject grafts, to induce graft-versus-host reactions
and to make antibodies to some protein antigens, bac-
teria and erythrocytes. There was, however, little
or no impairment in the antibody response to other
antigens such as pneumococcal polysaccharides and
haemocyanin (22).

In other studies by Miller (23) and Miller,
Doak and Cross (4), it was shown that adult thymectomy
had only a slow waning effect on immunocompetence,
while if thyméctomy was followed by lethal irradiation
and bone marrow replacement, immunocompetence was im-
paired to the same extent as that which follows neo-
natal thymectomy. Evidence for the relationship bet-
ween the thymus and the pool of recirculating small’
lymphocytes was shown by Weissman (24). The thymus
cells of a newborn or young rat were labeled in situ
by the direct intrathymic inoculation of tritiated
thymidine. Labelled thymocytes then appeared ex-
clusively in the paracortical areas of the lymph
nodes and the periarteriolar lymphocyte sheaths of

the spleen, making up to 10 to 32% of all the cells
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In these sites in the neonatal rat. Conversely,
neonatally thymectomized rats have shown a de-
crease in the density of the cells in the above
mentioned areas of the lymph nodes and spleen
(25). Experiments using thoracic duct cannul-
ation have shown that in normal CBA mice six
weeks of age the average total number of lymph-
ocytes that could be mobilized within 48 hours

of drainage was 86 million cells. This figure
dropped to 2 to 3 million in neonatally thymec-
tomized mice of the same age (26). Mice which
were thymectomized at the age of two to three
months showed no significant change in the number
of lymphocytes drained within 48 hours during the
first few weeks following thymectomy. However,
twelve months after thymectomy the total number
of lymphocytes drained within 48 hours fell to
36% of control values obtained from sham thymec-
tomized mice (26). In irradiated mice thymectom-
ized one month before irradiation, the number of
cells in the pool did not increase much beyond its
post irradiation value of about 5 million cells
(27). Thus, mice thymectomized at birth

or thymectomized and irradiated in adult life
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suffer from a reduced number of circulating
lymphocytes which can readily explain the im-
munological defects associated with thymectomy.

In still further experiments to iden-
tify the origin of immunocompetent lymphocytes,
Mitchell and Miller (31) have shown that repeated
injections of genetically marked thymus cells in-
to neonatally thymectomized recipients led to some
increase in the output of thoracic duct cells and
the majority of these cells had the genetic marker
of the injected donor thymus cells. This again
shows that recirculating small lymphocytes may be
thymus-derived.

Although, as mentioned above, humoral
antibody responses are in general much less affect-
ed then cellular responses by thymectomy, Jeejeebhoy
and others (23, 28 and 29) have found that a new
antigen administered nine or more months after
adult thymectomy will elicit a diminished humoral
response. Taken together, these results imply that
the thymus in the adult must continue to influence
the development of an-adequate population of long
lived recirculating immunologically competent small
lymphocytes. As a result of the limited life span

of these cells the circulating pool is eventually
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depleted and immune incapacity becomes apparent.
Thumus-dependent lymphocytes are morph—
ologically similar to other lymphocytes yet dis-
tinguishable by virtue of certain surface properties.
Dowenhoff et al (32) have shown that these cells
could be transformed into blast cells by stimulation
with plant mitogens such as phytohaemagglutinin (PHA)
and be inactivated by a heterogenous antilymphocyte
serum assumed to be specific to thymus dependent
cells. Raff and Wortis (33) have established a
system of iso-antigens limited to thymus deperdent
lymphoid cells. Using this system, approximately
40% of spleen cells, and 65-85 per cent of lymph
node and thoracic duct cells were found to carry
this antigen (33). Furthermore, it seems establish-
ed that there exists at least two populatioms ci
T-cells which can be distinguished both serologically
and functionally. One population of cells contains
the T L antigen while the other seems to lack it
(T L negative) (34). The latter population is the
one that resides in the medullary area of the thymus
and which is competent to perform cell mediated reactioms
(34). Both populations however are characterized by

their content of the antigen which is found orly on
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thymus and thymus derived cells (35). Another
property associated with thymus dependent lympho-
cytes is the secretion of soluble factors follow-
ing interaction with antigen. Among these fact-
ors are macrophage-immobilizing, mitogenic, cyto-
toxic and other factors which are now recognized

(36) .

E. Gastro-Intestinal Associated

Lymphoid Tissues.

Since the discovery by Glick and his co-
workers of the importance of the bursa of Fabricius
of the chicken in confering the capacity to give a
humoral response (1, 2), investigators have tried
to establish the existence of an equivalent organ
or organs with a similar function in the mammal.
The results of neonatal thymectomy in rodents sug-
gested the existence of a separate line of lymphoid
cells responsible for immunoglobulin production
and plasma cell development, since thymectomy greatly
depresses the ability to mount a cell-mediated response
but produces neither depression of immunoglobulins nor
impairment of the antibody response to many antigens

(20, 21, 22).
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The observation of immunological defi-
ciency diseases in man suggested the existence of
two lines of lymphoid cells as defined by experi-
ments in the chicken (37). Patients with the Bruton
form of sex-linked recessive agammaglobulinemia are
extremely deficient in plasma cells and lack germinal
center organization in their lymphoid organs (38).
Consequently they have a severe deficiency of cir-
culating immunoglobulins but have relatively normal
numbers of lymphocytes in their circulation and can
exercise all of the functions linked with cell-
mediated immunologic responses (39). In contrast,
patients with the Di George syndrome have either a
poorly differentiated thymus or no thymus at all
and seem to lack any capacity for cellular immunity,
yet these patients possess germinal centers, plasma
cells and produce all of the immunoglobulins in
relatively normal amounts (40, 41). Seen in the
perspective provided by the studies in chickens,
it seems that mammals also are in possession of a
bursal system of cells.

The first insight as to the identity of
this second or non-thymic central lymphoid tissue

in mammals came from the recognition of the morph-
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ologic similarity between the appendiceal lymphoid
tissue of the rabbit and the bursa of Fabricius in
chickens (43, 44). It was found that removal of
the appendix in neonatal rabbits interfered with
their capacity to form antibodies to bovine gamma-
globulin (45). Konda and ﬁarris (46) have also
shown that following appendectomy and whole body
x-irradiation of 3 week old rabbits, there is a
significant reduction in antibody responsiveness.
Cornes (47) showed that the morphologic maturation
‘of the Peyer's patches like that of the thymus is
largely independent of antigenic stimulation and
occurs in many species long before birth.

Cooper et al (48) observed that the
removal of the gastrointestinal associated lymphoid
tissues in young adult rabbits, coupled with high
doses of total body irradiation, had a deleterious
effect on their immunologic capacity similar to
that of bursectomy and x-irradiation in chickens
(315). In these experiments, antibody responsiveness
was impaired whereas the subsequent ability:of such
rabbits to express cell-mediated immunity was intact
(48) .

Further support for the gut-associated
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lymphoid tissues of the rabbit being the functional
equivalent of the bursa of Fabricius in the chicken
came from the experiments of Cooper et al (9) in
which the neonatal removal of the sacculus rothndus,
appendix and Peyer's patches reduced significantly
the levels of the circulating immunoglobulins and
theléirculating lymphocytes, and led to a marked
increase in the death rate of these animals. These
observations relate well with earlier ones by Ja-
cobson and co-workers who found that shie;ding of
the appendix in rabbits exposed to total body ir-
radiation resulted in retention of antibody forming
capacity, whereas control animals whose appendices
were not shielded showed marked interference with
these functions (49). Similar findings were report-
ed by Hanaoka et al (53). From an ontogenic point
of view the gut-associated lymphoid tissues in the
rabbit develop after the thymus but before the
spleen and lymph nodes (47). Like the thymus, these
tissues derive from epithelial mesenchymal inter-
action and maintain a close lympho-epithelial rela-
tionship throughout life (61). Repopulation studies
by Evans et al (26) showed the gut-associated lymph-
oid tissues to be different from those seen in the

thymus, spleen and lymph nodes. When lethally ir-
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radiated mice were injected with 105 bone marrow
cells and 107 lymphoid cells carrying distinct
marker chromosomes, it was observed that the thymus
was almost entirely repopulated by myeloid cells
whereas the Peyer's patches were repopulated by
lymphoid elements (62). Furthermore, the Peyer's
patches of rabbits differ from the thymus in being
poorly developed at birth (47, 63). More direct
evidence which implicates the gut-associated lymphoid
organs in the mediation of the humoral immune res-
ponse has come from the work of several investigators
(50, 51, 52, 53, 54 and 55). Richter et al (50) have
demonstrated that, of all the lymphoid tissues other
than the bone marrow, only the sacculus rotundus and
mes.iteric lymph node cells could restore immuno-
competence in an irradiated recipient with respect
to SRBC. Their results suggest that the bone marrow
serves as the prime source of ARC but that the sac-
culus rotundus and mesenteric node may also possess
committed AFCs directed toward certain particulate
antigens. Similar findings were also reported by
Armstrong et al (51) who demonstrated, using Sal-
monella adelaide polymerized flagellin in mice, that

not only the bone marrow but also mesenteric lymph
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nodes and Peyer's patches contain committed AFCs.
Henry et al (52) have been successful in obtaining
a primary immune response to SRBC with cultures of
normal rabbit Peyer's patches cells. They have

also shown that cultures prepared from the Peyer's
patches of rabbits which have received one or two
injections of SRBC contain both IgM and IgG memory
cells which have apparently migrated from the spleen
(52). They have thus concluded that the anatomic
relationship within the rabbits Peyer's patches does
not favour the interaction of antigen with immuno-
competent cells, but that this organ must normally
serve as a source of reactive cells which migrate

to other sites where they can be stimulated. These
findings however tend to support the view that the
Peyer's patches are in the category of primary lymph-
oid organs. In agreement with this view is the
hypothesis proposed by Ozer and Waksman (55) who
suggest that the appendix, sacculus rotundus and
Peyer's patches in the rabbit act as a source of

a cell essential to gamma-M antibody formation (52).
They maintain that this cell is not immunocompetent
in itself but normally must migrate to peripheral

lymphoid organs such as the spleen where it can
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interact with antigen in cooperation with a marrow-
derived cell (54). 1In another report (53), the
authors have shown that antigen given directly into
the appendiceal artery of an irradiated rabbit is
highly immunogenic, thus implying that cells of the
appendix possess reactivity for antigen before they
enter the peripheral pool. It may be that the
appendix in the rabbit is comparable with the bursa
of Fabricius of the chicken. Similarly, the appendix
appears to control gamma-M formation and correspond-
ing memory but fails to produce antibodies itself
(54).

On the other hand, it has been shown that
Peyer's patches contain cells which are antibody
forming (58) and seed antibody forming and memory
cells to the draining lymph nodes and the spleen
(58, 59). Indeed, Richter et al (50)-have shown
that immunologic reactivity to SRBC could be rest-
ored to irradiated (1200R) rabbits by cells of the
sacculus rotundus, which resembles a large Peyer's
patch, but not by appendiceal cells. Abdou and
Richter (60) have also provided indirect evidence

that one of the cells of the sacculus rotundus
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may in fact be a precursor of the antibody forming
cells in their system. It appears however that

one or all of the gut-associated lymphoid tissues
either function to provide the peripheral lymphoid
organs with a steady stream of cells primed against
various antigens found in the gastrointestinal tract,
or alternatively, that they provide cells non-spe-
cifically stimulated which participate elsewhere in
the gamma-M response to any antigen. In the latter
case it would appear that theée gut organs share
properties of both central and peripheral lymphoid

organs.

F. Cellular Cooperation.

(1) Humoral immunity.

It is clear that the humoral immune res-
ponse involves a number of distinct phases beginning
with the introduction of the antigen and ending with
the production of specific antibodies. The terminal
events, such as the production of antibodies, their
structure and specificity etc., have been well es-
tablished (127 ). Earlier events however remain
somewhat obscure. The phase dealing with the cells

involved in the immune response has been the subject
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of a vast number of investigations (see preceding
pages). The most intriguing question is whether
more than one cell system exists for the mediation
of the humoral immune response, one being concern-
ed with the response to antigen and another res-
ponsible for the production of antibodies. Invest-
igations along this line were reported by Miller
and Mitchell (67) who showed that thymectomized
mice failed to respond with haemolysin plaque
formation to sheep erythrocyte but could do so if
they were reconstituted with viable thymus or
thoracic duct lymphocytes. Spleen cells from re-
constituted mice were exposed to anti-H, sera di-
rected against either the donor of the thymus cells
used for reconstitution or against the neonatally
thymectomized host. Only the isoantisera directed
against the host could significantly reduce the
number of hemolysin forming cells present in the
spleen cell suspension, showing that they were of
host origin. The authors concluded that there are
cell types in the thymus or thoracic duct lymph
with capacities to react specifically with antigen
and to induce the differentiation to antibody-form-

ing cells of precursor cells derived from a separate
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cell line present in the neonatally thymectomized
hosts (67). Other evidence for the cooperation
of these two cell lines has come from the experi-
ments of Davies et al (65). Irradiated recipient
mice were grafted with thymic tissue and given
injections of bone marrow cells from donors carry-
ing different chromosome markers, thus individual
cells in the recipient were "typed". Employing
this approach, recipient mice were immunized and
their spleen cells were transferred to further
irradiated mice, some of which were pre-treated
so as to reject only thymus derived or only bone
marrow derived cells. When the thymus derived
cells were rejected the antibody response in the
second host was diminished, but when the marrow
derived cells were rejected the immune response
was abolished all together. It was thus conclud-
ed that marrow-derived and not thymus-derived
cells synthesize antibody, but that both together
act synergistically. However, despite their fail-
ure to form antibody, thymus-derived cells could
be shown to respond in vivo to SRBC and other an-

tigens by mitosis and blastogenesis (66). Mitchell
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and Miller (30) carried out basically similar ex-
periments with neonatally thymectomized mice rest-
ored with semi-syngenic thymus cells; iso-antisera
against those transplantation antigens contained
only in the thymus cells did not inhibit the PFC
response against SRBC, while antisera against the
host did.

An elegant demonstration of the need of
two cell types in the antibody response was pre-
sented by Claman and his co-workers (15). Irra-
diated mice injected with both syngeneic thymus
and bone marrow cells responded with an almost
normal PFC response. On the other hand, those mice
injected with syngeneic thymus cells alone or marrow
cells alone responded very poorly.

In the rabbit, Richter and Abdcu (68)
have presented evidence for the cooperation of two
functionally distinct but morphologically similar
lymphocytes. The antibody response of 800R irr-
adiated rabbits to SRBC was abolished but could be
restored by reconstitution with allogeneic bone
marrow cells. However, the PFCs obtained were of
host type as judged by anti-allotype inhibition of

PFC formation (68). When the rabbits were given
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a whole body irradiation dose of 1200R, reconsti-
tution with allogenic bone marrow cells failed to
induce PFC formation in the host (69). The authors
postulated that a radio-sensitive marrow-derived
cell had acted as an antigen reactive cell (ARC) and
had cooperated with a host-derived relatively more
radio-resistant cell, which they considered to be

a precursor of the PFC.

(ii) cCell mediated immunity.

In cell mediated immunity it has been
claimed that a typical response, such as the graft-
versus-host and reaction also exhibits thymus-marrow
cooperation (70). Cooperation has been demonstrated
between macrophages and immune spleen cells in induc-
ing cytotoxicity against tumour cells in vitro (71).
The apparent need for more than a single determinant
for the induction of delayed skin responses (72)
has been cited as evidence that true cooperation

among immunocompetent thymus-derived cells can occur.
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II IN VITRO DEMONSTRATION OF THE CYTOTOXIC

EFFECTS OF LYMPHOID CELLS.

A. General Considerations.

The typical histopathological picture
of the tissue lesion (196) as seen in the autoim-
mune diseases either spontaneously occurring in
man or experimentally induced in animals, delayed
hypersensitivity, tumor rejection and allograft
rejection, has served as a basis for the recogni-
tion of the tissue-damaging immune functions of
lymphoid cells. Lymphocyte-mediated tissue injury
is believed to be of prime importance in these
instances since tissue-destructive immune reactions
can in fact be provoked in non-sensitized recipients
by transfer of lymphoid cells from sensitized donors
rather than by the transfer of immune serum (195).

One of the first successful demonstrations
of the cytotoxic effect of lymphoid cells in vitro
was reported by Govaerts (73). Immune thoracic
duct cells from a dog which had rejected a kidney
graft four days earlier were used as effector cells.
Target cells were obtained from the remaining ki dhey

of the "donor" dog. The immune cells were found to
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adhere to a monolayer of the target cells which
then showed morphological signs of cell damage
leading to cell death and lysis over a period of
twenty-four to forty-eight hours. This effect
was not observed when cells from a dog grafted
with a kidney from an unrelated donor were used
as effector cells.

Roseneau and Moon (74) demonstrated a
similar effect using L-strain tumor cells as
target cells and spleen cells of BALB/c mice as
effector cells. The latter were sensitized by
the intraperitoneal and intrasplenic injections
of L-strain cell suspensions. The authors noted
that the addition of complement was not required
during the incubation to bring about the cyvtotoxic
effect and no mouse serum proteins could be detect-
ed on the target cells by immunoflourescent anti-
body techniques. It was thus concluded that the
effect was not mediated by antibodies (74).

The cell that initiates the in vitro
cytotoxic reaction is assumed to be a sensitized
lymphocyte equipped with its own recognition sites

for antigens on the cell it destroys. However, it
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seems clear that normal lymphoid cells are also
capable of mediating this reaction through a va-
riety of pathways (71). This non-specific cyto-
toxicity in vitro provides the corner-stone for
an understanding of the principles underlying the
role of effector cells in cell-destructive reac-

tions in vivo.

B. Methods.

In order to throw more light on the
mechanism of these tissue-damaging reactiomns, a
number of direct in vitro models have recently
been described. 1In principle, excess lymphoid
cells are added to target éells in culture. After
a certain interval of time, which varies depend-
ing on the particular system under study, destruct-
ién of the target cell takes place and can be
recorded. In the following sections the different
cells, various in vitro model systems, and some

methodological aspects will be reviewed.

(i) Target cell(s).
Cell lines of normal tissues or tumors

established in tissue culture are most frequently
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used as target cells (75, 76). These cells have
the advantage of being adapted to tissue culture
conditions and are easy to culture in monolayers
or in suspensions. Lundgren et al (77) have shown
that cells grown in monodisperse suspensions are
more suitable target cells than cells attached to
glass, being more readily available for contact
with effector cells from all sides and thus increas-
ing the sensitivity of the method. These cells
are also not influenced by enzymes or other factors
which may detach cells growing in monolayers on
glass (77). Brondz (78) has reported the use of
macrophages cultured on glass as target cells‘for
lymphoid cells from animals sensitized to the
transplantation antigens of the macrophage donor.
Chicken erythrocytes have also been
employed as target cells (79). When these ery-
throcytes are passively coated with antigen, they
act as targets for lymphoid cells from donors
sensitized to that antigen. Using a somewhat
different system of assaying cell death, Friedman
(80) reported the use of spleen cells obtained

from mice immunized with SRBC. These cells are
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capable, when incubated in agar gel containing
SRBC and complement, of forming plaques. Inhi-
bition of plaque formation, by prior incubation
with effector cells obtained from mice of another
strain previously sensitized to the target cells,
was taken as a measure of cell death and was found
to be quantitatively related to the number of

effector cells used.

(ii) Effector cell(s).

In the majority of experiments, effector
cells have consisted of a mixture of lymphocytes
of various sizes$, monocytes and macrophages. In
many cases, however, these cell suspensions have
contained predominantly small lymphocytes which
were seen adhering to the target cells. A number
of authors (81, 82, 83) have, however, described
cytotoxic effects mediated by peritoneal exudate
cells, the majority of which displayed the morph-
ologic characteristics of macrophages. 014 et al
{84) claimed that macrophages were observed to
phagocytize the target cell and the effect was
almost certainly mediated by the opsonic effect

of humoral antibody. It was later reported that
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some cytotoxic activity of the peritoneal cells
was retained even after removal of the antibody

(85).

(iii) Assay systems.
1. Destruction of monolayers:

The disruption of target cell monolayers
after incubation with lymphoid cells and/or the
detachment of the cells from the glass is taken
as a measure of the degree of cytotoxic activity
of the effector cells. Various modifications have
been introduced. A common one is to photograph
a selected part of the cell monolayer before and
after incubation with effector cells and to sub-
sequently evaluate the degree of cell damage (73,
86 and 87). Granger and Weiser (8l) applied drops
of effector cells in suspension onto target mono-
layers in a well defined area. The reduction of
target cell density or plaque formation was scored,'
and gave a semi-quantitative evaluation of cell
damage. In this method the number of effector cells
could be controlled and the results are easy to

read; however, long incubation periods are often
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required for development of the plaques (88).

A drawback of ali monolayer techniques
is the frequently observed non-specific detachment
of the cells. Certain enzymes released from dying
cells may contribute to the detachment of undamag-
ed target cells (77). In other instances, the
target cell will normally not survive the experi-
ment and its detachment will lead to errors in the

N

evaluation of the results (165).

2. Release of radio-active isotope.

The principle of this technique is that
isotopically-labelled target cells are incubated
with effector cells and the release of isotope,
usually expressed as a percentage of total radio-
activity present in the target cells, represents
a cumulative measure of cell damage. DNA-synthe-
sizing target cells are incubated with 38 or l4C—
thymidine, thus incorporating the label into the
DNA of the cell. Completély damaged and disintegr-
ated cells will release DNA which can be detected
and quantitated by appropriate methods (89).

Hirata (91) has demonstrated that only

damaged cells are susceptible to proteolytic en-

zymes. On the basis of this finding, Klein and
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Perlmann (90) have treated labelled target cells
with trypsin and measured the released isotope.

Addition of cold thymidine will prevent
the re-utilization of released isotope from damaged
cells by DNA-synthesizing cells (92). Using this
method, DNA labelled cells can be used for long-
term incubations with the effector cells.

Sler labelling techniques used in red
cell survival Studies have been adapted by Wigzel
(94) and Sanderson (95) for quantitation of anti-
body-induced lysis of nucleated cells in vitro.
Holm and Perlmann (93) have used 51Cr labelling
for the determination of cell-mediated lysis of
cells growing in suspension or in monolayers. Other
authors have since used this method (96, 97, 98).

Methods utilizing 3 14

H or ~“C-thymidine are less
sensitive than the one which utilizes >lCr-labelled
cells as target cells (93). The latter cells when

exposed to effector cells were found to release 51

Cr
within three hours as compared to at least 18 hours
of incubation required for the release of thymidine
14c from labelled target cells (93). Chromium=51 is

non-covalently bound to proteins and other cell con-
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stituents. Furthermore, chromate is reduced during
binding and the isotope is therefore not reutilized
by the cells (93). Wigzel (94) reported the release
of from 80 to 95 per cent of the radio-activity (Crsl)
from damaged cells while only a very small percentage
(about 15 per cent) of the label was found to be spon-
taneously released during 24 hours of incubation at

51 occurred mainly

37°C. This normal release of Cr
from cells that were damaged or were dying at the

onset of the experiment (99).

3. Inhibition of metabolism.

Granger and Williams (100) have reported
that lymphoid cells coming into contact with culture
cells will alter the metabolism of the latter, a
change that can be assayed by the degree of inhibition
of incorporation of radioactive amino acids which
have been added to the culture by the target cells
(101). This technique measures cytotoxicity as
reflected primarily by inhibition of growth. A draw-
back of this method is that both the effector cells
and target cells may synthesize proteins and the
inhibition of incorporation of radioactive amino
acids by target cells may be masked by their in-

corporation by the effector cells.
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4. Cell counting techniques.

Effector cells are added to a known number
of target cells in the form of a monolayer which has
been seeded in flat bottomed tubes or petri dishes.
After incubation for a specified period, the super-
natant is discarded and the remaining target cells
are removed from the glass, either mechanically or
by trypsinization. The cells are then stained with
vital stain and the number of unstained cells is
enumerated (78, 102, 103). Alternatively, target
cell nuclei are counted after digestion of the cyto-
plasm with citric acid (76). Counting methods are
relatively laborious and highly subjective and are
accompanied by large methodological errors. Recent-
ly, however, modifications which take into account
many of the drawbacks of this method have been intro-
duced (104, 105).

Criteria for an ideal method to determine
cell-mediated cytotoxicity are difficult to assess.
It could be said, however, that a method encompassing
a) a high degree of detection of cell damage, b)
detection of small differences in the number of dead
cells, ¢) quantitive estimation and kinetic measu-
rement of cell damage and d) low background (spon-

taneous cell death) would be a method of choice. Un-

[SRT—
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fortunately, none of the methods available at present

fulfills all of these criteria.

(iv) General culture conditions.

1. Tissue processing.

The processing of freshly isolated cells
or tissues depends considerably on the type of me-
tabolic activity or biological function to be in-
vestigated. 1In cell suspensions, the original or-
ganization of the tissue is destroyed and the re-
sulting cell suspension is subjected to a uniform
environment. Conversely, in organ culture the
original architectural structure of the tissue is
retained and the whole system is maintained under
as nearly physiological conditions as possible
(131, 132). The centers of small tissue fragments
rapidly become necrotic; nevertheless, unstimulated
preparations retain their ability to respond to
antigen for up to 8 days (133). 1In cell suspensions,
viability may fall to 50 per cent within 24 to 48 hours,
after which cells appear to die less rapidly. 1In
spite of a seemingly high cell mortality, the un-
stimulated suspensions retain the ability to pro-

liferate in response to antigen (134, 135, 198) and
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PHA (199, 200). It is thus clear that loss of
viability measured in the whole heterogeneous cell
population does not reflect upon the small number
of cells which constitute the sub-populations of

cells involved in the immunological response.

2. Chemically defined media.

Until recently the nutritive media employ-
ed for cultivation of cells in vitro consisted al-
most exclusively of blood plasma or serum body £fluids,
exudates and extracts of tissues and organs. The
first attempts to devise chemically defined media were
made in 1911 and 1912 by Lewis and Lewis (136) who
found that chick-embryo tissues survived in Locke's
solution supplemented with amino acids and polypep-
tides.. They also reported that the addition of glu-
cose to balanced salt solutions improved their cell-
sustaining capacities (137). Eagle (153) has shown
that Na*, k¥, Mgtt, ca™, cl7 and BP0, are essential
for the survival of Hela cells in culture. Vogelaar
and Erlichman (138) reported that the addition of
hemin, cystine, insulin, thyroxine and glucose to
Tyrode's solution enabled them to maintain strains

of human thyroid fibroblasts in an active state of
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proliferation for 3 months. Progress continued in
this manner with improvement of the existing synthe-
tic media through the addition of various ingredients
such as amino acids (140) , vitamins (139), co-enzymes
(149) etc.

Amino acids were found to be key compounds
in cell metabolism and indispensable to growing cells
(140, 141, 142, 143). The relative amounts in which
they were added to the media corresponded to their
concentrations as they were found in biological sol-
utions (140). However, these were not necessarily
the optimal proportions in which they should have
been included in the nutrient media (144). The
minimum number of amino acids which will support
growth of certain strains of cells appears to be
twelve,-namely, arginine, cysteine, histidine, iso-
leucine, leucine, lysine, methionine, phenylalanine,
threonine, tryptophan, tyrosine and valine (141,
142).

As the vitamins were identified and their
importance in nutrition recognized, they were in-
corporated into media for cell culture and although

their mode of action was at first obscure their effects
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on cell nutrition could be easily demonstrated.
Baker (139) included in his media the then known
vitamins C, A, D, B1 and B2. Most media today
contain thiamine, riboflavin, the folic acid group,
pyrodoxine, nicotinic acid, pantothenate, choline
and inositol (145, 146). The use of purines and
pyrimidines has been investigated by Parker (147).
There is however no firm conclusion as to their
essentiality for cell nutrition but they may be
significantly stimulatory (148).

In preliminary studies on the effect of
co-enzymes, Armour's porcine-liver co-enzyme con-
centrate in various doses was found to yield a six
fold increase in the population of L-strain cell
cultures in seven days (149). When the active en-
2ymes were tested individually they had no effect
(150). Three other co-enzymes -- co-carboxylase,
flavin adenine dinucleotide and uridine-triphosphate,

were also found to be useful in nutritional media (150).

3. Gaseous phase.

Interesting studies have also been conduct-

ed of the gaseous requirements of cells in vitro.
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Harris (151) found that co, is beneficial for the
outgrowth of cells from explanted chick-embryo
tissues. Swim and Parker (152) also repérted that
CO, was essential for the propagation of six es-
tablished strains of mammalian fibroblasts. Many
mammalian cells do not require added Co, (as NaHCO3)
as sufficient co, is produced metabolically to sa-
tisfy their nutritional needs (154). However, most
investigators have used media buffered with bicar-
bonate and equilibrated it with a gaseous phase of
5 per cent CO, and 95 per cent 0. The high con-
centration of oxygen, although toxic to cells, (132)

is required solely to ensure that a reasonable oxygen

tension exists at the level of the cells (159).

4, Serum.

In spite of the effectiveness of chemical-
ly defined media, many investigators include in their
systems varying amounts of the homologous normal se-
rum, the final concentration of which is usually 10-
20 per cent. It is assumed that the beneficial ef-
fects of the serum can be attributed to a whole ran-
ge of complex low and high molecular weight ingred-
ients. Using rabbit spleen fragments cultured in-

Eagle's medium, Mountain (155) showed that the ad-
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dition of a wide range of purines, pyrimidines,
vitamins and essential amino acids in low concen-
trations normally required for cell proliferation
could be replaced by the addition of normal rabbit
serum. Similar observations were made by Vaughan
et al (134). Parkhouse and Dutton (156) have, on
the other hand, shown that serum could be replaced
by a serum dialyzate. Ambrose (157) found that lymph
node fragments synthesized more antibody when serum
was replaced by 0.01 to 1 M of hydrocortisone, pro-
vided the medium was supplemented with serine. The
replacement of serum with hydrocortisone was also

reported by Halliday and Garvey (158).

C. Different Model Systems.

(i) Cytotoxic reactions of lymphocytes obtained from

sensitized animals.

Lymphocytes from specifically-immunized
animals or humans can destroy, in vitro, target cells
carrying the antigens to which the lymphocyte donors
had been immunized. The first experimental approach
along this line was that of Govaerts in 1960 (73) des-
cribed earlier (see Chapter Two, I, A).. A large num-

ber of similar investigations have since been performed
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in many laboratories.

The main microscopic observation in such
a reaction is the aggregation of effector cells to
target cells. Roseneau and Moon (74), Koprowski
and Fernandes (86), Taylor and Culling (102), Wilson
(106) and Brondz (78) have reported that cells from
normal donors or from donors sensitized to unrelated
target cells can be washed off whereas effectors
cells obtained from donors sensitized to these target
cells cannot be easily removed by washing. Aggrega-
tion is a feature that usually precedes morphological
changes and cell death (74, 86).

A common feature of target cells is their
possession of antigens to which donor effector cells
can be sensitized. These antigens can be naturally
occurring constituents of the target cell surface or,
in certain instances, artificially attached (107).
M8ller (103) and MBller and M8ller (88) suggest that
in vitro destruction of lymphoid cells by sensitized
effector cells constitutes a non-immunological phen-
omenon in which cells may be killed through an un-
known mechanism when coming into close contact with
cells of a different genetic and therefore antigenic
origin (108). Thus, although effector cells come

into contact with target cells through the interaction
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of specific receptor sites on the two cells it has
been postulated that the actual killing is due to con-
frontation of the target cells with foreign histo-
compatibility antigens on the effector cells (88; 103).

It has been shown that experimentally in-
duced tumors in mice can be destroyed by lymphoid
cells obtained from tumor-~sensitized syngeneic ani-
mals (109). Tumor cells with non-cross reacting
tumor antigens are not affected (1092, 112).

In several human systems, a similar result
was obtained (110, 111). Destruction of certain
tumors in vitro was demonstrated with the patients'
own lymphoid cells and with those from other patients
carrying a tumor of the same type. These lymphoid
cells however did not affect healthy cells of the
same individuals or cells from patients carrying
unrelated tumors (110, 111).

In experiments with the type of cell-me-
diated cytotoxicity described above, heat-inactivated
serum is usually included in the incubation mixtures;
however, the addition of complement has had no effect
(78, 103). Arguments for these reactions being the
expression of a cell-mediated activity independent

of humoral antibodies are derived from observationg
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which demonstrate the capacity of antibodies to
inhibit the cytotoxic effects of the effector cells.
Thus, treatment of mouse target cells with heat
inactivated allo-antibodies directed against their
Hy antigen before or during exposure to effector
cells obtained from sensitized allogeneic mice
strongly reduced the cell-mediated cytotoxic effect
of the latter cells.(103). The inhibition was found
to be immunologically specific. This obéervation is
presumably due to the competition of antibody with
sensitized effector cells for the same antigenic
sites, although a contributing effect of steric
hindrance cannot be excluded owing to the fact that
incomplete covering of antigenic sites by iso-anti-
body raised in genetically different donors was also
found to be inhibitory (98, 113).

Lymphoid cells of spleen, lymph node or
thoracic duct origin or circulating WBC of sensitized
animals exhibit cytotoxic activity to varying degrees,
the variation probably being a reflection of the pro-
portion of effector cellsiin these organs rather than
varying degrees of cytotoxicity of the effector cells
per se (103, 115, 116). However, thymus effector

cells from immunized animals were found to be only
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slightly active or inactive.

From data published thus far, it cannot
be concluded which cells within the functionally-
heterogeneous population of lymphocytes participate
in the in vitro cytotoxic reaction. The assumption
may be made that the lymphocytes that trigger the
reaction in vivo or some of their descendants may
function as cytotoxic cells in vitro (25, 31). It
has been shown, however, that the reaction of a
small numbef of sensitized lymphocytes with antigen
will lead to profound changes in the activity of the
Iymphocytes which respond with the secretion of a
number of biologically-active soluble factor(s) such
as MIF, lymphotoxin and mitogenic factor (116, 117,
118). Conversely, the reaction of a few macrophages
with antigen seems to be capable of inducing morphol-
ogical transformation and DNA synthesis in lymphocytes
(119) . Interactions between effector cells and other
cell types could therefore be a contributing factor
in the cytotoxic reaction. Cellular interactions
have recently been observed in the induction of humoral
antibodies (see previous chapter).

The mechanisms by which target cell death is
invoked is not well defined; however, a characteristic

feature of the reaction is the antigen-specific aggreg-
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ation of the effector cell to the target cell. When
contact between the cells is prevented, damage of

the target cells does not take place (115, 120). Mi-
croscopic observations and time lapse cinematography
with target cells in monolayers show that some effect-
or cells, after random movements, will become tem-
porarily attached to the target cells which finally
seem to undergo osmotic lysis. 1In these studies it
was not shown whether or not lysis was actually pro-
duced by the attached cells (120).

A number of authors have shown that effector
cells have to be alive to be capable of inducing.their
specific cytotoxic effect. No such activity has been
obtained with dead cells or with extracts or eluates
of sensitized effector cells (78, 115, 121). Avail-
able evidence suggests that effector cells do not
themselves die during-the reaction (106). Brunner
et al (116) have shown that the cytotoxic potential
of a suspension of effector cells remained unchanged
when these cells were added to a fresh batch of tar-
get cells after having killed the first one. This
finding could in fact mean that reaction with antigen,

in this case target cells, may enhance the cytotoxic
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potential of the effector cell population by
their activation or by further recruitment of
other cells.

The demonstration that unsensitized lymph-
oid cells could be made cytotoxic by exposing them
to RNA or ribosomes from sensitized cells points to
a possible mechanism of recruitment (75, 115, 122,
123, 124).

Wilson (125) has shown that effector cells
from sensitized animals will aggregate to target cells
at low temperatures but under these conditions will
fail:to destroy them. Also, it was found that pre-
treatment of effector cells with antimycin A (a sup-
pressor of electron transport in the respiratory
chain) impairs their cytotoxic activity when incubated
at concentrations that inhibit respiration without
being toxic to the cells during the experimental pe-
riod (126). Taken together, these two observations
reflect the fact that metabolic processes are necess-
ary for the cytotoxic reaction.

Furthermore, RNA and protein synthesis in-
hibitors such as imuran, actinomycin-D and cyclohex-
amide have been found to inhibit the cytotoxicity of
effector cells when incubated at concentrations that
block their metabolic activities but are too low to

actually kill the cells (114, 115).
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In short term experiments, treatment of
effector cells with trypsin in low concentration
has been observed to abolish their activity (128).
Although this inhibition was temporary and reversible,
cytotoxicity of the effector cells was strongly and
irreversibly suppressed when treatment with trypsin
was followed by cyclohexamide. It was suggested
that the removal of protein and the prevention of
further synthesis may have disrupted the cytotoxic
mechanism through the removal of the antibody-like
receptors necessary for the lytic reaction which
precedes cell death (128).

Mauel et al (128) reported the suppression
of cytotoxic activity by ethylenediamine tetracetic
acid (EDTA). However adaition of ca™ and Mg*t fully
restored their activity.

X-irradiation at doses of 15,000R seems to
be inhibitory probably because it affects the viability
of the effector cells (129).

Wilson (115) has reported on the kinetics
of the target cell destruction reactions. Detectable
destruction was first noted after 20 hours of incuba-

tion but was virtually complete within 50 hours. There
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was a direct relationship between target cell death
and the number of effector cells added. It was sugg-
ested that one effector cell would suffice to affect
adversely one target cell, and, by extrapolating
these results, that only 1 to 2% of the total number
of cells in the effector cell suspension added were
immunologically active.

Similar results were obtained by Brunner
et al (75) using another system. These authors de-
monstrated cell death after only 3 hours of incubation
and the reaction was complete i.e. total target cell
death after 12 hours (114). Complete target cell
destruction could be achieved in one hour when the
ratio of effector cells used to target cells was
100: 1 (128).

In summary, it could be said that in vitro
cytotoxicity mediated by effector cells from sensi-
tized animals involves at least two steps. The first
is an immunologically-specific step in which contact
between effector cell and target cell is established.
This aggregation of cells probably requires as a pre-
requisite the presence of antibody-like receptors on
the effector cells. In the second step target cell
lysis ensues. This latter reaction requires the

participation of viable and metabolically-active
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cells. Although most evidence to date suggests
that cell-to-cell p?oximity is a principal requi-
rement for the lytic step, the possibility that
cytotoxic factors may be released by the effector

cells has not been ruled out.

(1i) Cytotoxic reactions of effector cells,
obtained from unimmunized animals, triggered

by antibodies to antigens on target cells.

In the studies to be discussed below, chro-
mium>! labelled chicken erythrocytes or Chang liver
cells coated with various protein antigens such as
PPD or guinea pig thyroglobulins have been used as
target cells. These cells were treated with heat-
inactivated antisera to antigens on the target cells
raised in guinea pigs. The cells were then incubat-
ed Qith lymphoid cells obtained from a number of dif-
ferent organs of normal guinea pigs, usually spleen
or blood lymphocytes (79, 126, 161). Target cell da-
mage is generally observed within one to two hours
after the addition of the effector cells, and is de-
termined by the degree of Sley liberated into the

supernatant solutions. Effector cells were observed
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to adkere tc the antibody-treated target cells prior
tc the damage of the latter (165). Target cells were
nct iyse@ by complement in the absence of effector
cells (79, 126).

MacLennan and his co-workers (161, 162) ana-
lyzed lymphoid cells obtained from the blood, lymph
nocde, and spleen of humans, rats and rabbits for their
capacity to induce cytotoxicity to chromium”l-labelled
Chang liver cells, originally derived from a human
scurce. Théy showed that the cytotoxic reaction could
occur betweer the effector and target cells irrespect-
ive whetker they are autologous, syngeneic, allogeneic
or xencgeneic with respect to each other. Malignant
lymphocytes from patients with chronic lymphatic leu-
kemia or Burkitt's lymphoma, as well as thymic lymph-
ccytes and non-lymphoid cells were found to be more
or less inactive as effector cells. (169).

Evidence for the lytic mechanisms being
non complement independent comes from experiments by
Eolm and Perimann (166) in which they showed that
extremely high dilutions of antiserum (up to 10-6),
far beyond those active in conventional complement-
dependent lytic systems, were effective in rendering

normal lymphocytes cytotoxic. This activity by the
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antiserum did not correlate with its lytic or ag-
glutinating titers (166). sSimilar findings were

made by MacLenﬁan et al (162) who correlated the

lytic activity to a predominantly 7 S-type antibody
and by Lo Buglio et al (167), who found that certain
lymphocytes bind to the Fc portion of an IgG molecule
attached to red cells. This binding leads tordamage
of the latter cell in the absence of C' (167). These
findings infer that different mechanisms are operative
in conventional antibbdy-mediated complement-dependent
lysis and antibody-dependent cell-mediated complement
independent cytotoxicity. It is assumed that the
antibodies involved in the latter instance are of a
special class or sub-class which are incapable of
lysing the target cells in the presence of C' in the
absence of the effector cells (162).

Evidence has been presented (165) which
demonstrates that cell-to-cell contact through the
antigen-antibody complex formed on the surface of
the target cell is essential for the cytotoxic react-
ion to take place. Chromium®l-labelled chicken ery-
throcytes coated with either PPD or thyroglobulin

were mixed in equal proportion and exposed to effector

AW
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cells in the presence of antiserum against only
one of the antigens. It was observed that the cells
on which the antigen-antibody complexes were formed
were the only ones to be damaged as detected by the
release of °lCr into the supernatant (165).
Pre-treatment of the effector cells with
antimycin A inhibits their cytotoxic activity (126).
The reaction is also inhibited by pre-treatment of
the effector cells with heterologous antilymphocyte
serum (ALS) (168). Light and electron microscopic
investigations suggest that the ALS suppresses the
reaction by changing the surface properties of the

effector cells (168).

(iii) Cytotoxic reactions of "lymphocytes stimulated
by soluble mitogenic agents or allogeneic

lymphoid cells.

It has been observed by a number of invest-
igators (92, 99, 103, 173) that non-specific stim-
ulation of lymphocytes by mitogenic agents renders
them destructive to many types of target cells includ-
ing cells originating from the donor. In these invest-
igations, lymphocytes from human blood or from the

blood, thoracic duct or lymphoid organs of guinea pigs,
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rats, mice or chicken were stimulated with PHA, strept-
olysin and staphylococcal filtrate. These cells were then
added to chicken red blood cells or tumour cells acting
as target cells either in suspension or in monolayers.
A cytotoxic reaction ensued which culminated in cell
death (92, 99, 103, 173). Incubation of normal human
circulating lymphoid cells with allogeneic circulating
lymphoid cells in culture also leads to the activation
of an effector cell population. Subsequent incubation
of these cells with unrelated target cells leads to
destruction of the latter (177). Stimulation of lymph-
oid cells by PHA has been shown to induce blast-cell
transformation and DNA synthesis which correlates well
with the cytotoxicity of these cells. However, DNA
synthesis is not required per se to render the lymph-
ocytes cytotoxic since the cells exhibit optimal cyto-
toxic activity at a time when DNA synthesis has hardly
been initiated (99, 177). It has been observed (92,
98, 178) that cells obtained from lymphoid and non-
lymphoid organs which are relatively unsusceptible

to stimulation by PHA are only weakly cytotoxic. These
cells include normal thymus cells and lymphocytes from

patients with chronic lymphatic leukemia, Burkitt's
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lymphoma and Hodgkin's disease.

X-irradiation and pre-treatment of the
effector cells with hydrocortisone (181) or with
inhibitors of protein synthesis does not suppress
their PHA-induced cytotoxic effect on target celis.
(182) . In contrast, pre-treatment of the lymphoid
cells with ALS (77, 166, 168) inhibits their cyto-
toxicity. Taken together, these data suggest that
the PHA-induced cytotoxic reaction of lymphocytes
involves an early step of activation probably leading
to changes in their surface properties. The final
transformation to a blast cell does not appear to
be necessary for the cytotoxic activity to be man-

ifest.

(iv) Cytotoxic reactions of lymphocytes on target

cells carrying complement components.

5lcr-labelled chicken red blood cells were
treated with very low subthreshold concentrations of
heat inactivated rabbit anti-Forssman serum contain-
ing primarily 19S antibodies. Under these conditions

' no cytotoxic reaction appeared when lymphocytes from
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human peripheral blood were added. The red blood
cells were then treated sequentially with purified
components of human complement C'l, C'2 and C'4
(107). No lysis was observed within 24 hours after
addition of the lymphocytes (107, 183). However,
when C'3 was also bound to the target cells, 70-80%
of the cells were lysed within 20 hours of incubation
with the effector cells. This cytotoxic reaction

was found to be mediated only by viable effector cells
and could be inhibited by pre-treatmént of the cells
with antimycin A (107, 183).

Miller-Eberhard et al (107) have shown that
this cytotoxic reaction by the effector cells was
lost after fractionation of the effector cell popu-
lations on glass bead columns. They obtained a
fraction of pure lymphocytes which seemed to lack
any cytotoxic activity. In contrast, a second fract-
ion isolated from the glass bead column containing
20% lymphocytes and 80% monocytes was found to be
strongly cytotoxic (107). Although this suggests
that the effector cells in their system are monocytes,
a lymphocyte-monocyte interaction cannot be ruled
out (107).

In other experiments, the target cells
treated with the first four complement components

were brought to the C'7 stage by the addition of
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C'5, C'6 and C'7. These cells were rapidly and
completely lysed upon addition of effector cells
(107, 183). Unlike the previous experiments,
glass-bead purified lymphocytes and monocyte
enriched fractions of effector cells were cytotoxic.
This reaction also required viable cells and was
inhibited by antimycin A (107, 183, 184). The
authors concluded (107, 183) that some effector
cells carry or are able to produce C'8 which is
required for the cell-mediated cytotoxic reaction
of target cells carfying C'l to C'7 (107), whereas
the cell-mediated destruction of target cells carry-
ing C'l to C'4 involves phagocytosis following a

step of immune adherance (107, 183).
IiI RELEVANCE OF CELL-MEDIATED CYTOTOXIC
REACTIONS TO DISEASES WITH IMMUNOLOGIC

ETIOLOGY.

A. General Considerations.

The availability of in vitro techniques
which detect and measure specific cell-mediated im-
munity has permitted the elucidation of the role of
cell-mediated immune responses in a variety of diseases

and pathologic conditions. It is now generally recogn-
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ized that the cell-mediated immune response consti-
tutes the mechanism responsible for the rejection of
an allograft, tumor rejection, graft-versus-host
reactivity, delayed cutaneous hyperseasitivity, auto-
immunity and resistance to certain pathogens. In

all of these situations, cytolytic mechanisms simi-
lar to those seen in vitro play a role in the chain
of events leading to tissue destruction in vivo. 1In
this chapter, the possible correlations between the
various in vitro models described earlier and their

respective in vive counterparts will be outlined.

B. Rejection of Allografts or Host-—

Versus-Graft Reactions.

The initial indication of the rejection
of a solid allograft by a non-sensitized recipient
consists of the accumulation of large pyroninophilic
cells within the paracortical areas of the regional
lymph nodes (201). Gowans et al (185) have reported
that these cells arise from small lymphocytes which
have been stimulated by foreign antigens released
from the graft. They have also observed that these
cells constantly recirculate from the blood into
the lymph nodes via transmigration through the post

capillary venule and back through the thoracid duct.
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Upon stimulation with certain antigens, these cells
may transform rapidly to become large blast cells
with typical clusters of polyribosomes in their
cytoplasm (180). These activated cells are char-
acteristically present in the grafted organ in dir-
ect contact with the foreign cells of the graft at
the time of early acute rejection (187). Their high
degree of specificity is probably imparted by anti-
body bound closely to the cell membrane (188). It
was demonstrated (189) that C'8 could be involved in
this reaction although a number of other factors in-
cluding MIF, lymphotoxin, transfer factor and inter-
feron have been shown to be released by activated
lymphocytes (190). These factors may confer cyto-
toxicity onto non-sensitized lymphocytes, thus re-
cruiting a larger number of cells and invoking their
participation in the rejection process (190). The
mechanism by which recipient cells recognize the
presence of foreign antigenic determinants is thought
to be through the release of histocompatibility an-
tigens from the surfaces of grafted cells into inter-
cellular spaces and thence into the lymphatics and

bicod vessels (191, 192). Evidence has been advanced
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that antigenic material can be recovered from the
renal-vein plasma within hours of kidney transplant-
ation in dogs (191). Strober and Gowans (192), from
their experiments involving the perfusion of kidneys
with labelled foreign thoracic-duct lymphocytes, con-
cluded that these latter cells are antigenically
stimulated as they come into contact with the endo-
thelium of the transplant (192). The route by which
transport of information to the effector cells in
the lymphoid organs occurs has been elegantly de-
monstrated by the experiments of Barker and Billing-
ham (193), who showed that a flap of skin deprived
of lymphatic drainage but retaining a narrow vascu-
lar pedicle can support the long-term survival of
inlay skin allografts. When lymphatic connections
were re-established, the foreign graft was rejected.
Similar observations were made by Cronkhite et al
(194) , who clearly demonstrated the importance of
lymphatic channels as afferent conductors in the
development of the immune response to tissue allo-
grafts.

The role of immune serum in allograft

rejection has been investigated. Hasek et al (195)

have shown that tolerant ducks could be induced to
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reject allografts by transfer of large volumes of
immune serum or isolated immune gammaglobulin direct-
ed to the allograft. Similar results have been re-
ported by Spong et al (196) who showed that immune
serum from Lewis rats grafted with a kidney from a
Norwegian brown donor rat undergoing a first set
renal rejection, produced perivascular mononuclear
infiltrates in the kidney of Norwegian brown rats
following parenteral administration.(196). The role
of humoral antibodies in the rejection of solid
allografts wés also demonstrated by Clark et al (197).
In their experiments, a dog kidney was placed, for a
few hours, into an allogeneic recipient who was then
heavily irradiated. The kidney was then retransplant-
ed into the donor and it was rapidly rejected (197).
These results suggest a synergistic interaction between
humoral antibodies and lymphoid cells. This is anal-
ogous with in gié{g models for cytotoxicity in which
cell destruction may be induced by small amounts of
antibody to antigens on the target cell surface.

When produced within the graft, these antibodies

may be absorbed locally but may be sufficient to

provoke cell-mediated lytic reactions similar to
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those observed 35 vitro (165). (Section II, C (ii).

C. Delayed Hypersensitivity.

As early as 1890, Koch (202) observed that
the subcutaneous injection of protein derived from
M. tuberculosis into a tubercultous animal resulted
in a generalyzed fever as well as local induration
and erythema at the injection site. That this
reaction was associated with cells of the lymphoid
series was shown by Landsteiner and Chase (203), who
were able to passively transfer delayed type hyper-
sensitivity with peritoneal exudate cells. Histolog-
ically, skin reactions begin much earlier than the
gross signs (204, 205). Initially, the skin test
site is infiltrated with polymorphonuclear leukocytes
followed by mononuclear cells, both lymphocytes and
macrophages, about 8 to 12 hours after injection.
The cells appear to collect in perivascular islands
in the dermis, and infiltration reaches a peak at
24 to 48 hours (208-209). Passive transfer of delayed
hypersensitivity has been accomplished with lymphoid
cells taken from many sources of the sensitized ani-

mal including spleen, lymph node, thymus and peripheral
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blood cells but not serum (205, 206, 207, 208).
Although there are occasional reports of transfer

of delayed hypersensitivity in animals with cell-
free extracts (210, 211), most investigators have
found that live cells are required (203, 206, 208,
209). Cummings (211) has shown that, in recipients
depleted of lymphoid cells by x-irradiation, delayed
hypersensitivity could not be evoked by transfer of
cells from sensitized donors. Experiments in which
isotopically labeled cells were transferred have shown
that only 1-2 per cent of the cells at the test site
are of donor origin. The majority of the infiltrat-
ing mononuclear cells were of host origin (212, 213,
214).

Although Uhr et al (215), Gell (216) and
others (212) have shown that delayed hypersensitivity
can be elicited when circulating antibodies cannot
be demonstrated, Karush and Eisen (218) have claimed
that the reaction is mediated through the action of
minute amounts of "high-affinity" antibodies.

Asherson and Loewi (225) have shown that
synergism between humoral antibodies and lymphoid

cells in delayed hypersensitivity can occur. When
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either serum or peritoneal exudate cells from

guinea pig donors immunized with BSA or BGG was
passively transferred to non-sensitized recipients,

a delayed skin reaction was observed within 24 hours
after injection of the specific antigen (225). The
histology of the cutaneous lesions after transfer

of antiserum alone was characterized by infiltration
with polymorphonuclear leukocytes. These were absent
after 48 hours. When both serum and cells from sen-
sitized donors were transferred, polymorphonuclear
cells predominated during the first hours and histio-
cytes and lymphocytes at 48 hours (226). It was con-
cluded that potentiation of delayed hypersentivity
by immune serum was in part due to provocation of a
local inflammatory reaction and in part due to local
retention of antigen at the site of the skin reaction
(226).

It is also postulated (117, 118, 224) that
the factors which inhibit macrophage migration in vitro
may be of importance in the .r&tention of macrophages
and perhaps other leukocytes at the delayed hyper-
sensitivity test site in vivo. These findings sug-

gest that soluble factors are released from a few

sensitized cells which may activate or limit non-
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sensitized lymphocytes and provoke inflammation
by increasing vascular permeability (222, 223).

It could be said that in a delayed
hypersensitivity reaction, antigen is retained
at the test site where it is injected; this
triggers a sequence of reactions which closely
resemble those seen in vitro and which have been
described in the previous chapter. The sensitized
lymphocytes may have a direct cytotoxic effect on
the antigen-coated parenchfmal cells (See section
ii, C, (1)) or they may become activated by inter-
action with antigen leading to non-discriminatory
injury of surrounding tissues (See section II, C,
(iii)). Conversely, if humoral antibodies are
involved in the delayed hypersensitivity reaction,
antigen-antibody complexes formed on the surface
of macrophages may induce a cytotoxic reaction by
non-sensitized lymphocytes, a mode of action similar

to that described in vitro (See section II, C, (ii)).

D. Graft-Versus-Host Reaction(s).

The graft-versus-host reaction occurs when

lymphocytes of immunologically mature donors are in-



(65)

jected into allogeneic immunologically-immature
recipients. The first such reaction was described

by Dempster (227) and Simonsen (228) who noted

the presence of pyroninophillic cells of the plasma
cell series in the cortices of canine renal homo-
grafts 3 to 4 days following transplantation and
suggested that these cells were of donor origin

and might be engaged in an immunologic reaction
against the antigens of the host. Billingham and
Brent (229) subsequently noticed that attempts to
procure tolerance of homografts by inoculating both
bird embryos and young rodents with blood or lymphoid
cells from allogeneic adult donors frequently result-
ed in a fatal wasting syndrome which exacted a heavy
toll amonyg the recipients. This condition was cha-
racterized by a failure of normal development, hepato-
megaly, splenomegaly, hypertrophy and then atrophy of
the lymphoid tissues and frequent skin abnormalities.
They concluded that these pathologic effects were

the outcome of a graft-versus-host (GVH) reaction
(230) . These reactions are dependent on the exist-
ence of major histocompatibility differences between

the donor and recipient animals (231, 232, 233).
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The inability of the host to prevent
immunological assault by donor cells occurs if the
host is physiologically immature, is genetically
tolerant to donor cells, or has a generalized
depression of his immunologic capacities as a
result of x-irradiation, antimetabolite administra-
tion or neonatal thymectomy (231, 234, 235).

Graft-versus-host reactions induced in
immunologically mature recipients are usually self
limiting and trarnsferred cells are probably eliminat-
ed by host-versus-graft reactions (236).

Elkins (237) has described the events
which occur following the inoculation of lymphoid cells
from parental strain rats beneath the renal capsules
of Fl—hgbrid hosts. A local self-limiting invasive
destructive reaction develops which can destroy
25 per cent of the renal parenchyma leaving other
organs and tissues unaffected. This reaction was
also regarded as a local graft-versus-host reaction.
There is evidence that the destructive reaction does
not inveolve only simple confrontation of immunologic-
ally competent donor cells and antigen-bearing cells

of the host renal parenchyma. Thus, prior irradiation
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of the host to the extent that the level of
circulating host mononuclear leukocytes is severely
depressed inhibits the development of the renal
lesion following implantation of the donor cells.
Elkins interpreted this finding to indicate that
transplantation antigens of the kidney were apparent-
ly not involved (237, 238). Kidney destruction was
also brought about by lymphoid cells from parental
strain donors, injected into parental strain kidney
that had been grafted into Fl-hybrid host (239). 1In
this situation the Fl—hybrid lymphocytes stimulate
the donor cells which may then become nonspecific-
ally cytotoxic to the autologous kidney tissue.

(See section II, C, (iii)).

Brent and Medawar (241, 232) described a
tuberculin-like cutaneous reaction in_guinea pigs
induced by the intracutaneous inoculation of immuno-
competent lymphocytes from normal donors to allogeneic
irradiated hosts. This reaction is known as the
normal lymphocyte transfer reaction (NLTR) and re-
flects the reactivity of donor cells to host iso-
antigens prior to the development of the host res-

ponse. The intensity of the reaction is related
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to the degree of immunogenetic and therefore anti-
genic disparity between the donor and the host

(240, 241). Extensive studies by Brent and Medawar
(241, 242) of the events which occur in the NLTR in.
immunologically incompetent guinea pigs have shown
that following transfer of the cells an initial
inflammatory episode occurs which reaches its peak
after 24 hours. This was considered by the authors
to be the outcome of an immunologic recognition event
not involving proliferation by the donor cells since
this phase of the reaction was not inhibited by
antiproliferative agents. On the third to fourth
day a "flare up" phase takes place which leads to

a second and more violent inflammatory episode. In
contrast to the first phase, the flare up phase is
abolished by treatment with antimitotic agents. The
flare up is regarded as a manifestation of sensitized
donor cells which have arisen after contact with host
cellular antigens. These observations are analogous
to the nonspecific cytotoxicity in vitro of lymphoid
cells activated by contact with allogeneic cells.
Stimulation of donor cells in the flare up phase may
have been brought about in a manner similar to that

observed in vitro where heavily irradiated lymphocytes
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which are unable to proliferate are known to stimu-
late allogeneic lymphocytes in mixed cultures in

vitro (See section II, C, (iii)).
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CHAPTER THREE

AIMS AND OBJECTIVES OF THE WORK

In the previous chapter evidence was
presented favouring a two-cell model for the in-
duction of the humoral immune response in the mouse
and in the rabbit. The evidence presented was based
on both in vivo and in vitrc studies using immuno-
logically mature ahimals. It was demonstrated that
in the mouse the thymus and the bone marrow supply
the antigen reactive cell(s) (ARC) and antibedy
forming cell(s) (AFC), respectively. In the rabbit,

however, it is the bone marrow which supplies the

. ARC and the source of the AFC has not yet been de-

termined.

Investigations have also been carried out
with respect td the ontogenic source of the virgin
immunocompetent cells or their precursdrs byvextir-
pating organs during the early neonatal period ih
the hope of preventing dissemination of information-
bearing cells or immunocompetent cells from these
organs. Recent investigations h;ve implicated the
gastro-intestinal associated lymphoid organs in the

humoral response in the rabbit. Extirpation of



(71)

these organs -- sacculus rotundus, appendix and
Peyer's patches -- in the neonatal state or in
the adult state followed by whole'body irradiation
resulted in a marked inhibition of antibody forma-
tion when the rabbits were immunized at a later
date. Evidence was alsc presented demonstrating
that immunologic reactivity could be restored to _
heavily irradiated rabbits by the transfer of allo-
geneic sacculus rotundus cells. It has also been
shown that the gastro;intestinal lymphoid organs
are sources of cells which synthesize gamma-M
antibodies. ,

However, an“aspect of the field which

has been neglected is the study of the in vivo

migration pathway(s) of immunocbmpetent cells.
Such a study could be beneficial not only in
terms of it shedding light upon the roles of
the various 6rgans involved in the mediation
of the humecral immunevresponse as providers of
the immunocompétent célls, and as organs of
transit or sites of maturation for the immuno-
competent cells but should furthermore alert

investigators as to the long term effects on the
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immune response of extirpation of lymphoid organs
such as the thymus, spleen, appendix, etc., which
are usually surgically removed withcut consider-
ing sufficiently the immunological implications
involved.

Very few studies have been carried out
with the intention of determining the organ scurces
of the cells mediating the cellular immune response.
It has been established, however, that necnatal thy-
mectomy or adult thymectémy'followed by irradiaticn
does result iﬁ the emergence of a state characterized
by immunodeficiency with respect to cell-mediated
immunity. Thus, an allograft will be tolerated for
a longer period éf time if implanted onto such thy-
mectomized récipients. In view of the extensive
studies which have been carried out to delineate
the interelationships of various lymphoid crgans
with respect tc the humoral imﬁune response, the
paucity of such studies with respect to cell me-
diated immunity is striking. |

No systematic investigation has been
carried out with the aim of analysing the relation-

ship of lymphoid organs in the mediation of cell-
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mediated immurity, the ontogenic scurces of the
cells involved and their in vivo migration pathway(s)
following antigenic stimulation.

This investigation is concerned with the
elucidation of the organ source(s) and the in vivo
migration pathway(s) of the cells involved in cell
mediated immunity. The migration pathway(s) of
cells mediating humoral immunity was also invest-
igated in order to relate the two types of immunity

with respect to this parameter.
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CHAPTER FOUR

MATERIALS AND METHODS

I MATERIALS.

Animals and Immunization Procedures:

Adult 4 to 6 pounds white or black out-
bred NewZealand rabbits were purchased from local
breeders. The rabbits were maintained in well-
ventillated temperature-controlled animal houses
and were fed and watered at regular intervals of
time. Rabbits were immunized by the intravenous
injection of 1 ml of a 10 per cent suspension of
SRBC or HRBC. They were not sacrificed until
three to six months later. These rabbits are

referred to as "Memory Rabbits".

Antigens:

Red Blood Cells: sheep red blood
cells (SRBC) and horse red blood cells (HRBC)
were obtained from the laboratories of the Ins-
titutzd€é Microbiologie (Montreal) as sterile
suspensions in Alsever's solution and were
stored at 4°C. The red cells were washed seve-

ral times in sterile saline (0.9 per cent sodium
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chloride) before use.

Antisera:

Anti-SRBC and anti-HRBC: Antisera
to SRBC and HRBC were prepared in rabbits by the
intravenous administration of one ml of a ten
per cent suspension of the red cells at weekly
intervals for three weeks. The rabbits were
bled 7-10 days following the last injection aﬁd

the sera were obtained following centrifugation

" of the clotted bloods and were stored at -10°C

until used.

Complement:

Commercially-available dried guinea
pig serum (Hyland Laboratories, Los Angeles,
Calif.) was used as the source of complement;
throughout this study. It was dissolved and
diluted in saline (0.9 per cent sodium chloride)

prior to use.

Dextran Solution: (6 per cent solution)

Sixty grams of Dextran (mol. wt. 200,000-

275,000, British Drug House) were dissolved in one
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liter of saline (0.9 per cent sodium chloride)

at 40-45°C.

The solution was then divided into

100 ml vials and sterilized. Heparin was added

to the Dextran solution by means of a syringe

to a final concentration of 150 units of heparin

per ml of the Dextran solution.

Media:

1.

CMRL 1066: (Microbiological Ass-
ociates, Bethesda, Maryland.)
Eagle's Medium, (Microbiological
Associates)

Fisher's Medium, (Microbiological
Associates)

Ham's Medium, (Microbiological
Associates)

Joklick's Medium, (Microbiological
Associates)

McCoy's Medium, (Microbiological
Associates)

Medium~-199, (Microbiological Ass-
ociates)

Mishel and Dutton: This was
prepared as described by the

authors (243) to contain the
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the following:

Eagle's minimal essential
medium 100 ml
Glutamine (200 MM / ml) 1ml
Minimal essential medium

(100 x conc.) 1ml

Sodium pyruvate (100 MM/ml) 1 ml

"Nutritional Cocktail Medium":

This was prepared to have the following
composition:
Eagle's minimal essential medium
without NaHCO; with non essential
amino acids (Microbiological Ass-
ociates) 35.0 ml
Essential amino acids, 50 times
concentrated, (Microbiological
Associates) 5.0 ml
Glutamine, 200 MM per ml,
(Microbiological Associates) 2.5 ml
Dextrose, 500 mg per ml 1.0 ml
NaHC03, 7.5 per cent solution

(Microbiological Associates) 7.5 ml
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Penicillin-Streptomycin Solution:

Stock solution (Microbiological Assoc-
iates) containing 5000 units penicillin and 5000
Jg streptomycin per ml was added to all media
used to a final concentration of 200 units of
penicillin, and 200 ugm streptomycin per ml of

culture medium, or Nutritional medium.

Plastic Ware:

Tubes: Capped, disposable, sterile
plastic tubes, 17 x 100 mm
(Falcon Plastics, Los Angeles,
Calif., cCat. %#2004).
Petri-Dishes: Disposable, sterile
35 x 10 mm. (Falcon.
Plastics,'Los Angeles,

Calif. cCat. #1008).

Rabkit Serum:

Normal rabbit serum (NRS), obtained from
Microbiological Associates, Bethesda, Md., was added
to the culture medium to a final concentration of
20 per cent. The complement in the NRS was inactivat-

ed by heating at 56°C for 30 minutes before use.
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II METHODS.

1) Preparation of Cell Suspensions:

Rabbits were sacrificed by the intravenous
injection of nembutal (50 mg per kg body weight)
and the spleen, popliteal lymph nodes, thymus,
appendix, sacculus rotundus and Peyer's patches
were extirpated and placed into disposal sterile
plastic tubes containing chilled medium 199. After
washing the organs several times with sterile
saline, the tissues were cut into small fragments
and the cells were expressed by the application of
pressure onto the fragments on a sterile wire mesh
(50 mesh). The cells were collected into sterile
medium 199 fortified with 200 units penicillin and
200 pg streptomycin per ml (Med - PS). The cells
were centrifuged once more and resuspended in
2 to 5 ml of Med-PS to givé a final concentration
of 2 x 107 to 6 x 107 cells per ml.

Bone marrow cells were obtained by
splitting the femur and tibia with a bone cuttér,
collecting the bone marrow into Med-PS and shaking

the bone marrow vigorously for about a minute to
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free the cells from the stroma and fat. The cells
were washed twice with Med-PS in the same manner
as described above for the other lymphoid cells.
Circulating leukocytes were obtained
by collecting 35 ml of blood from the heart into
a sterile 50 ml syringe containing 17 ml of a 6
per cent heparinized Dextran solution. The final
ratio of blood to Dextran solution was 2:1 and
the heparin concentration was 50 units per ml of
blood drawn. The syringe contents were dispersed
into sterile plastic tubes which were then placed
in a vertical position in a 37°C incubator. When
the red cells had sedimented sufficiently, the
plasma layer comtaining the white cells was de-
canted and centrifuged at 2,000 rpm for 10 min-
utes. The cells were suspended in Med-PS and
re-centrifuged at 1,000 rpm for 10 minutes. They

were then resuspended in 1 to 2 ml of Med-PS.

2) Culture Techniques.

A- Induction of plaque-forming cell (PFC) response
in vitro.

One tenth ml aliquots of the suspension of
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cells to be cultured (either spleen cells of memory
rabbits or cells of any of the lymphoid organs of nor-
mal rabbits) containing 2-4 X 107 mononuclear cells
were pipetted into sterile plastic Petri dishes.
Washed SRBC, 0.1 ml containing the appropriate
number of cells, were added to the Petri dish along
with 0.8 ml of the appropriate medium. All media
used with the exception of the Mishell-Dutton me-
dium were made up to contain normal rabbit serum
(NRS) to a final concentration of 20 per cent. The
complement in NRS waé inactivated by heating at 56°C
for 30 minutes before use., The Petri dishes were
placed into a specially constructed air tight
plexiglass chamber (10 in. x 9 in. x 6 in.) equip-
ped with inlet and outlet tubes through which various
gas mixtures could be infused. Gasing was usually
carried out for 15-20 minutes, at a flow rate of

5 liters per minute, at daily intervals unless
otherwise stipulated. Following gasing, the inlet
and outlet tubes were sealed and the chamber was
then placed on a rocker platform (Bellco Glass
Incorp., Vineland, N.J.) in a 37°C incubator and
subjected to horizontal excursions at the rate of

6-7 complete cycles per minute.
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Each day, beginning at the commencement
of culture, the Petri dishes were fed with 0.1 ml
of the "Nutritional Cocktail Medium".

At varying times following the initiation
of the culture, the Petri dishes were removed from
the chamber, the cells were gently freed from the
plastic surface of the Petri dish to which they
had adhered by means of a rubber policeman and they
were transferred into sterile Falcon plastic tubes.
The cells were centrifuged at 800 rpm for 10 minutes.
They were then suspended in medium 199 to a cell
concentration of 1 - 4 x 107 cells/ml and were anal-
yzed for the number of hemolytic plaque-forming

cells (PFC).

B- The inhibition of a plague-forming cell response
by incubation with allogeneic lymphoid cells

(allogeneic inhibition).

The procedure followed was essentially
that described above except that 1 to 10 x 107 lymph-
oid cells obtained from a normal allogeneic black
rabbit (if the donor of the potential plague-forming
cells was a white rabbit and vice versa) were added

to the culture plate at the beginning of the culture
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or at intervals of time thereafter.

3) Hemolytic Plaque Assay.

The technique used is that described by
Jerne and Nordin (244) with slight modifications.
Agarose was used in place of agar as described in
the original procedure.

Lymphoid cells (0.1 ml), washed sheep
or horse red cells (0.1 ml of a 10 per cent sus-
pension) and agarose (0.1 ml of a 0.5 per cent
solution) were mixed thoroughly in a 46°C water
bath and layered into Petri dishes (2 inches in
diameter) containing a thin basal layer (2cc) of
a 1.5 per cent agar splution that had been allowed
to solidify. The plates were allowed to stand for
2 hours. One ml of commercial guinea pig serum
diluted ten fold was then added. The plates were
left at 37°C for a further two hours. Plaques
were counted with the aid of a magnifying lens
and the results were expressed as the number of
plaque-forming cells (PFCs) per 10° lymphoid cells
plated. All assays were carried out in duplicate

and the variation in the number of plagues observed
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was consistently less then £10 per cent from the

mean.

4) 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 fol-
lowing conditioné: skin source distance 200 cm,
field size 50 x 50 cm, colarimeter size 20 x 20 cm

and out put 6.97R per minute.

5) Irradiation of Cells in Vitro.

Lymphoid cells to be irradiated were
suspended in medium 199 in a screw-capped flask in
variable cell concentrations. They were exposed
to 4000R or 10,000R irradiation using a cobalf
60‘source, at a rate of 99.6R per minute under
the following conditions; 280Kv peak at 18 ma,
half value layer 1.2 cm copper,and focal surface

distance 50 cm.

6) Dye Exclusion Test.

The viability of various cells was de-

termined by the dye exclusionr test using 0.1 per
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cent trypan blue. A drop of the dye was addgd
to one ml of the cell sﬁspeﬂsion and the latter
was then analysed in a hemocytometer. Cells that
took up the dye were considered to be dead cells.
The viability of the cells, on the bésis of 200
cells counted, WAS recorded as per cent of dead

cells.

7)  Sonication of Cells.

Cell sonicates were prepared by piacing
4 ml of the cell suspension into a plastic tube and
subjecting it to 15,000 cycles per second for 30
seconds using a Fisher Ultrasonic Probe (Fisher

Scientific Co.).

8) In Vitro Determination of the Cyto-

toxicity of Supernatants from Cell

Cultures.

For the analysis of the cytotoxic acti-
vity of the supernatants from cell culture, 0.1 ml
of the lymphoid cell suspension (2 x 106) was mixed
with 0.1 ml of the supernatant tested and 0.1 ml of

undiluted guinea pig serum (a source of complement)
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in a plastic tube. The tubes were incubated for

60 minutes at 37°C at which point 0.6 ml Medium

199 and 0.3 ml of a 0.2 per cent solution of trypan
blue were added (281). The cells were then analyzed
microscopically to determine the number of viable

cells, defined as cells which excluded the dye.

9) In Vitro Determination of the Anti-

body Content of Supernatants from

Cell Cultures.

A- Anti-SRBC antibody titres.

Serial two fold dilutions of the culture
supernatant were prepared in 1 ml volume to which
0.1 m1 of a 2.5 per cent suspension of sheep red
blood cells was added. Undiluted guinea pig com-
plement, 0.1 ml, was added to each tube. The
tubes were shaken until the cells were evenly dis-
persed, then placed in a 37°C water bath for 30
minutes and the degree of hemolysis was recorded.
In control tubes saline was substituted for the
solution to be tested. The titre is expressed as
the reciprocal of the highest dilution of solution

with which hemolysis was observed.
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B~ Anti-lymphocyte antibody-content.

The culture supernatants were analyzed-
for the presence of antibodies directed to the
cultured spleen lymphocytes by the fluorescent
antibody (sandwich) technique, originally des-
cribed by Coons et al (245). Smears of spleen
memory cells used for the cultures were air-
dried on microscope slides and fixed with ethanol
for 10 minutes. The slides were stored at 4°C
until used. The slides were exposed to the po-
tential antibody-containing supernatants for 30
minutes at room temperature, following which they
were washed with buffered saline and exposed to
fluorescein-conjugated horse anti-rabbit gamma-
globulin for 30 minutes. The slides were then
washed with buffered saline, mounted in buffered
glycerol and analyzed under a Reichert fluorescence

microscope (Zetopan, binolux).
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CHAPTER FIVE

EXPERIMENTAL PROTOCOLS, RESULTS AND DISCUSSIONS

I THE OPTIMAL CONDITIONS FOR THE INDUCTION

OF THE IMMUNE RESPONSES IN VITRO.

A. The Induction of the Secondary

Immune Responses in Vitro.

Experimental procedures:

The initial sequence of experiments was
carried out to determine the optimal conditions for
the induction of a secondary immune response in vitro.
Rabbits were immunized three to six months prior to
sacrifice by the intravenous injection of 109 Srec
(memory rabbits). The spleen, bone marrow, thymus,
popliteal lymph nodes, circulating WBC, sacculus
rotundus, appendix and Peyer's patches were extir-
pated and the cell suspensions of the organs were
prepared as described in MATERIALS AND METHODS. The
cells were then cultured with 107 sRBC as described
in MATERIALS AND METHODS. The following parameters

were varied individually with the aim of determining
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the optimal conditions for culture.

1- Optimal gaseous phase:

Two mixtures of gases, 10 per cent €Oy,

7 per cent 0, and 80 per cent N, and 5 per cent

2
COz, 18 per cent 0, and 77 per cent N,, were used
for gasing the incubation chamber at the initiation
of the culture and on subsequent days. Gasing was
continued for 15-20 minutes each time after which

the chamber was sealed as described in MATERIALS AND

METHODS.

2- Optimal culture medium:

Commercially available culture media were
used. Eight different media were assayed for their
capacity to facilitate the optimal generation of
PFC's from the lymphoid cells obtained from memory

rabbits.

3- Effect of rocking of culture plates:

The culture chambers were either maintain-
ed in a stationary position or placed on a rocker
platform (Bellco Glass Inc., Vineland, N.J.) and
subjected to horizontal excursions at the rate of

6-7 complete cycles per minute for the duration of
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culture.

4- Optimal concentration i memory

lymphoid cells:

Varying numbers of memory lymphoid cells —-
2-4 x 10, 2-4 x 167 or 2-4 x 108 were placed in
each culture plate. In each instance a constant

number of SRBC was added as stimulating antigen.

5- Optimal dose of stimulating antigen:

Varying numbers cf SRBC 105, 108, 107 or
108, were added to a constant number of memory

lymphoid cells per culture plate.

6~ Optimal time for culture:

The cells were harvested at varying intervals
of time following the initiation of culture and the
content of plaque-forming cells (PFCs) were determin-

ed as described in MATERIALS AND METHCDS.

The specificity of the secordary response
to the sensitizing antigen in vitro was investigated
by culturing SRBC memory lymphoid cells with SRBC
and a non-cross-reacting antigen, HRBC. Conversely,

lymphoid cells obtained from memory rabbits immunized
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to HRBC were cultured with SRBC as stimulating
antigen. Also, memory cells of rabbits immunized
with SRBC were cultured with the stroma or scnicate
prepared from 107 sraC.

The effect of various additives on the
induction of secondary immune response to SRBC
in vitro was also investigated. Contrcl culture
plates containing 2-4 x 107 memory cells and 107
SRBC were prepared as described in MATERIALS AND
METHODS. The culture medium was CMRL-1066 contain-
ing 20 per cent of normal rabbit serum and 200 units
of penicillin and streptomycin per ml.

Other culture plates contained 10 xg/ml
of hydrocortisone or 20 _ug/ml of L-asparagine cor
an additional 200 units of penicillin and strepto-
mycin per ml. The gaseous phase was 5 per cent CO,,
18 per cent O, and 77 per cent N,. The cells were
harvested and assayed for their PFC content on

various.days following initiation of culture.

Results:

The initial conditions and medium used

for culturing the cells were those described by



(92)

Mishell and Dutton (243) (Table I). Under these
conditions, only the spleen cells from memory
rabbits (rabbits which had been given a primary
injection of 10% srecC intravenously 3-6 months
prior to sacrifice) could give hemolytic plaque-
forming cells (PFC) following in vitro stimula-
tion with SRBC. The optimal response was observed
at 6-8 days following the initiation of culture
(Table I). Différent gaseous phases (Table II)
and media (Table III) were then used in order to
determine the optimal conditions for the induction
of the secondary PFC response. The gaseous phase
which facilitated optimal generation of PFCs was

5 per cent C02, 18 per cent 0, and 77 per cent N,
(Table II). The two media which consistently fa-
cilitated maximum immune responsiveness in vitro
were CMRL-1066 and Joklick, with the optimal res-
ponse occurring between days 4 aﬁd 8 (Table III).
Only the spleen cells of the memory rabbits could
give a PFC response in vitro irrespective of the
medium used. A very low or no response was obtain-

ed unless the cultures were maintained on the rocker
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platform and rocked at 6-7 complete cycles per
nminute for the duration of culture (Table IV).

It was also observed that the optimal PFC res-
ponse was attained when 2-4 x 107 splenic lymphoid
cells were incubated with 10/ SRBC (Table V). How-
ever, the sensitivity of the system is not as af-
fected by varying the concentration of the antigen,
SRBC, as responses of similar magnitude were obtain-
ed when 2 x 107 splenic lymphoid cells were incubat-
ed with either 10° or 106 or 107 srec (Table VI).

As shown in Table VII, the PFC response
is specific since spleen cells obtained from SRBC
memory rabbits and cultured with HRBC, a non-cross-
reacting antigen, did not give rise to PFC's for
SRBC, nor did they give rise to PFC's for HRBC if
cultured with SRBC. Furthermore, memory spleen
cells obtained from an HRBC immunized rabbit did
not give a PFC response to SRBC if incubated in
culture with SRBC (Table VII).

Tt was observed that SRBC sonicates and
stroma could not induce the secondary immune respon-
se in vitro (Table VII).

As can be seen from Table VIII the ad-

dition of hydrocortisone, L-asparagine or a further
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200 units of penicillin and streptomycin inhibited
the PFC response of memory spleen cells to a con-

siderable degree.

Discussion:

The system used initially in these ex-
periments was essentially that described by Mishell
and Dutton (243)_for the induction of the primary
response with mouse spleen cells, in the expectation
that a similar result might be obtained with rabbit
cells. 1In order to insure that the conditions could,
in fact, sustain rabbit lymphoid cells and facilita-
te the various cellular interactions and transform-
ations as a result of stimulation by antigen in vitro,
attempts were first made to induce the secondary
response in vitro.

Previous investigations involving the
transfer of lymphoid cells from immunized memory
rabbits to irradiated immuno-incompetent rabbits
disclosed that only the spleen cells of all the
lymphoid organs in the memory rabbit possessed the

capacity to confer immune responsiveness. Using
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allotype markers it was shown that the PFC in

the spleen of the recipient rabbit is, in fact,
derived from the donor animal (Richter and Abdou,
unpublished results). Incubation of recipient
spleen cells at the time of PFC analysis with
anti-allotype serum directed toward the donor, but
not the recipient, of the memory spleen cells could
inhibit the PFC response in vitro. It was therefore
anticipated that the memory spleen cells would be
the only lymphoid cells capable of giving rise £o
PFCs in culture when stimulated with antigen. in
fact, memory spleen cell cultures invariably gave
rise to large numbers of PFCs following 4-8 days in
culture whereas at no time did cultures of lymphoid
cells of any of fhe other lymphoid crgans tested
exhibit this property (Table I). It made no differ?
ence whether the cells of a lymphoid organ were cult-
ured individually or in combinations with those of
any other non-responding lymphoid organ. The best
conditions for the induction of the secondary res-
ponse with rabbit splenic cells did not parallel
those described by Mishell and Dutton (243) for

the normal mouse cell cultures. The best media

proved to be CMRL-1066 and Joklick, with the gaseous
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phase being 5 per cent COZ' 18 per cent O2 and 77
per cent N,. As with the mouse cells (243), con-
tinuous rocking of the rabbit cultures was essen-
tial for the response to ensue. This in vitro
secondary response was rarely noted before day 4
of culture and usually was maximal at days 6 to

8 of culture.

The observed inhibitory effect on the
number of plaque-forming cells by the addition of
hydrocortisone (lO/Jg/ml) or penicillin-streptomycin
(400 units per ml) of culture media is consistent
with other observations on the effect of antibio-
tics and steriods (reviewed by Gabrielsen and Good)
(261) . Their effect can be manifested either at
the inductive phase of the immune response which
involves the initial processing of the antigen by
lymphoid cells or at the effector phase which
comprises the expressions of the immune response
such as antibody production or cell mediated injury
to target cells.

Studies on the in vitro effect of certain
antibiotics by Smiley et al (262) and Ambrose and
Coons (263) have shown that low doses of puromycin
were effective in inhibiting antibody production

usually without killing the cells. In other ex-
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periments involving secondary stimulation of
lymph nodes fragments from sensitized rabbits
with diphtheria tox0id and BSA, Ambrose (264)
showed that small amounts of cortisone (0.0l -
10 yg per ml) will permit or even enhance anti-
body production. However, when 100 ug or 1000
Mg were incorporated in the culture media, anti-
body production was suppressed.

A similar in vitro result was reported
by Strauder (265) who used the Jerne plague tech-
nique for assessing levels of 19S hemolytic anti-
body against sheep red cells. Puromycin and acti-
nomycin reduced the number of plaques, as did hydro-
cortisone after 3 hours of exposure to 100 or
1000 yg per ml of culture media.

Cohen et al (266), using an in vitro
culture system to assess the action of glucocorticoids
on the cytolytic effect of lymphocytes, concluded
that hydrocortisone has a selective action on antigen
reactive lymphocytes rather than the antibody form-

ing cells.
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INDUCTION OF THE SECONDARY IMMUNE RESPONSE TO SRBC

IN VITRO WITH VARIOUS RABBIT LYMPHOID TISSUE OBTAIN-

ED 3-6 MONTHS FOLLOWING IN VIVO PRIMING.

Type of No. of No. of Culture I Gaseous PFC per 106 recovered mononuclear
Lymphoid Cells Serbc Medivm  |Phase cells assayed on the following days
Tissue Cultured | Cultured added to after initiation of culture
culture Day Day Day
4 é 8 10
Spleen 3.0x10 | 107 cells | mishett & Ji0% o, | 1 20 200 100
Dutton 7% 02
83% N2
Bone marrow 2,6x I()7 » u " 0 0 0 0
Thymes 3.0x 10" . " . 2 0 0
Lymph node 7
(Popliteal) 1.8xI0 " " w 0 0 0 0
Circulating 7
WBC 2,0x 10 0 v " 3 2 0 0
Sacculus 7
rotundus 4.0x 10 u " " 0 0 0 0
Appendix 4.0x10" " " " o 0 0 0
Peyer's 7
patches 2.8x 10 # " " 0 0 0 0
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TABLE II

INDUCTION OF THE SECONDARY IMMUNE RESPONSE TO SRBC

IN VITRO: THE EFFECT OF VARYING THE GASEOUS PHASE.

Type of No. of No. of Culture PFC per 106 recovered mononuclear cells assayed
Lymphoid Cells S-rbe Medium on the follewing days ofter initicticn of culture
Tisse Cultured Cultured  added to Doy 4 Day 6 Day 8
culture o 5 10 5 o 5
7 I8 7 18 7 18
83 77 83 77 83 77
Spleen 23x100  107cells  Mishella | 130 200 220 20 200 410
cells Dutton
Bone marrow . . » 0 0 0 0 0 0
Thymus ° . " 2 4 I 0 0 0
Lymph node
(Poplitecl) . u u 0 I 0 0 0 0
Circulating
wBC " " " 3 2 2 0 ] 0
I Sacculus
rotundus " " . 0 0 0 0 0 0
Appendix . . " 0 1 0o o 0o o
Peyer's.
patches " . " 0 2 0 0 0 0

*10% CO,, 7% O, nd 3% N
**5% CC5, 18% 32 and 77% N"’z



(100)

TABLE III

INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH
RABBIT SPLEEN CELLS IN VITRO: EFFECT OF DIFFERENT
CULTURE MEDIA ON THE IMMUNE RESPONSE TO SRBC ON

VARIOUS DAYS FOLLOWING INITIATION OF CULTURE.

Medium used PF(:/IO6 recovered spleen cells assayed on the following days cfter initiotion of culture*

Doy Day Dy Doy Doy Doy Day Doy Doy Doy
2 3 4 5 [ 7 8 9 10 14
Mishe! & Dutton |0 0 200 230 32 400 410 N.D. 160 8
Ham's +20%NRS | N.D** 0 240 360 380 440 360 N.D. N.D. N.D.
Joklick +20%
NRS 0 0 400 410 500 610 430 N.D. N.D. N.D.
CMRL-1056 +
20% NRS 0 4 520 600 600 520 400 N.D. N.D. N.D.
McCoy's +
20% NRS N.D 0 N.D. 200 N.D. 100 N.D. N.D. N.D. N.D.
Fisher +
20% NRS N.D. N.D. N.D. 120 N.D. 70 N.D. N.D. N.D. N.D.
Medivm 199 +
20% NRS N.D. N.D. N.D. 80 N.C. 70 N.D. N.D. N.D. N.D.
Eogle's +
20% NRS N.D. N.D. N.D. 80 N.D. 80 N.D. N.D. N.D. N.D.

* Al culture plates contained 2-4 x 107 spleen cells and I07 SRBC/ml of culture medium. Gaseous
phase was 5%, 18% & 77% for €0, O, & N2 respectively.,

**  N.D. = Not done
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TABLE IV

INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH

RABBIT SPLEEN CELLS IN VITRO: EFFECT OF ROCKING

OF CULTURE PLATES.

PFC/IO6 recovered mononuclear cells assayed six days after
initiation of culture

Conditions

of Stimulated Spleen Cells Unstimulated Spleen Cells
Incubation* (SRBC added) (No SRBC added)

Rocked

Horizontally 300 8

Six times per min.

Stationary 46 |

* The culture medium was Joklick plus 20% NRS. The gaseous phase was
5% CO2 , 18% O2 and 77% N2
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TABLE V

INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH
RABBIT SPLEEN CELLS IN VITRO: EFFECT OF VARYING
CONCENTRATIONS OF SPLEEN CELLS ON THE RESPONSE

TO STIMULATION WITH SRBC.

No. of PFC/|06 recovered mononuclear cells
Concentration of Memory Spleen assayed 6 days after initiation of culture
Cells at Initiation of Culture*

Spleen Cells Spleen Cells

stimulated unstimulated

with 10/ SRBC (No SRBC added to

culture)

2-4x10%/ml 145 0
2- 4x10 /ml 3% 2
2~ 4 10%/mi 70 0

*  Culture medivm was Joklick +20% NRS.
Gaseous phase was 5% C°2’ 18% 02 and 77% N,.
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TABLE VI

INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH
RABBIT SPLEEN CELLS IN VITRO: EFFECT OF VARYING
THE DOSE OF SRBC USED FOR STIMULATION AND THE

MAINTENANCE OF CULTURE IN DIFFERENT GASEOUS PHASES.

No. of 5-RBC added to each No. of PFC/IO6 recovered mononuclear cells assayed & days cfter initiation
culturg plate containing of culture and maintained under the following gaseous phases:
2 x 10/ spleen cells/ml
of medium* AlR** 10% CO2 5% COz
7% 02 18% O,
83%N 77% N2
)
1x10 0 a2 N.D.
1x 10° 0 3% %
Ix 107 0 20 430
8
Ix 10 0 130 160 _—

*  Culture medium wes Joklick + 20% NRS.
** 20% 02, 80% N2 » less than 0.,1% COZ.
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INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH

RABBIT SPLEEN CELLS IN VITRO:

OF THE SECONDARY RESPONSE TO THE SENSITIZING

THE SPECIFICITY

ANTIGEN.

Memory rebbit 2x I07 splenic "memory™ l’FC/lO6 recovered mononuclecr cells assayes on
immunized with lymphoid cells cultursd the following days after initiation of culture:

under following condi-

tions* Day Doy Doy Doy

4 6 8 ]

S-RBC Medium CMRL-1066 +

20% NRS + Nil 0 0 N.D.
S-RBC Medium CMRL-1066 +

20% NRS + 107 SRBC 3% 40 140
S-RBC Medivm CMRL-1056 +

20% NRS + 10" HRBC 0 0 N.D.
S-R8C Medium CMRL-1066 +

20% NRS + SRBC

S;?ma (oquivalent to

10/ S-tbe) 8 2 N.D.
S-RBC Medium CMRL-~1086 +

20% NRS + SRBC

Sonnjcate (equivalent

to 10/ Serbe) 0 4 N.D.
H-RBC Medium CMRL-1066 +

20% NRS + 107 S-rbc "0 0 0

* Al culture plates contoined 2 - 4x 107 memory spleen cells.

GcsmphuuwcS%COz, la%ozdeI%Nz.



(105)

TABLE VIII

INDUCTION OF THE SECONDARY IMMUNE RESPONSE WITH

RABBIT SPLEEN CELLS IN VITRO: EFFECT OF VARIOUS

ADDITIVES ON THE IMMUNE RESPONSE TO SRBC.

Following materials PFCI/IO6 recovered spleen cells assayed on the following days

z added to culture* after initiation of culture:

! Day Day Day Day

; 4 é 8 10
Control (no S-REC) 0 0 0 N.D.
Control 70 333 75 160

i Hydrocortisone

(10 ug/ml) 5 72 i1 100

‘ Penicillin - Streptomycin

: (200 units/ml)

. (Total 400 units/ml) 2 54 185 150

; L-csparagine (20 ug/ml) N.D. 80 70 N.D.

* Al aulture plates contained 2 - 4 x l07 memory spleen cells and l07 SRBC. Medium is
CMRL-1066 +20% NRS + 200 units of Penicillin and Streptomycin.
Gaseous phase was 5% C02, 18% O2 and 77% N2
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B. Failure of Individual Rabbit

Lymphoid Cells to Induce a Primary

Immune Response in Vitro.

Experimental procedures:

Lymphoid cell suspensions were prepared
from the different lymphoid organs of normal adult
unimmunized rabbits as described in MATERTALS AND
METHODS. Spleen cells were cultured alone using
different culture media and gaseous phases. In
other experiments, cell suspensions from each of
the lymphoid organs were cultured alone in medium
CMRL-1066 or in combination with other lymphoid
cells from the same rabbit. The number of lymph-
0id cells cultured was usually between 2-4 x 10’
cells incubated with 107 SRBC as stimulating anti-
gen. When combinations of cell types were cult-

ured 2 x 107

lymphoid cells of each organ wére cult-
ured with a similar number of cells of the other

organs.

Results:

Attempts were carried out to induce a

primary response with the different lymphoid cells,
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using a vériety of media. Only six out of sixteen
experiments were successful in this regard (Table IX).
In three cases, spleen cells, but not any of the
other organ cell preparations, elicited a low grade
PFC response, and this only when the cells were
cultured in Ham's medium. In three other experi-
ments, although no single cell prepa;ation ga&e a
PFC response, mixed cultures of spleen and appendix
or spleen and bone marrow cells gave very strong
PFC responses after four days in culture (Table IX).
A somewhat lesser response was obtained with a mixed
culture of spleen and thymus cells. Mixed cultures
of spleen with either Peyer's patches cells, saccu-
lus rotundus cells or circulating leukocytes did not
respond with plaque-forming cells in vitro. Neither
did mixed cell cultures of bone marrow and thymus

cells.

Discussion:

Although the optimal conditions required
for inducing a secondary immune response were achiev-
ed, their application in attempts to induce a prima-

ry immune response with lymphoid cells from unimmuniz-
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ed rabbits were essentially non-productive. It

is noteworthy, however, that the only successes
attained were with spleen cells cultured in Ham's
medium, not in CMRL-1066 or Joklick which were

the media which facilitated the optimal secondary
immune response (see above). However, these

results were somewhat discouraging in view of

the small number of PFCs stimulated and by the

fact that none of the preparations of lymphoid cells
of any of the other pormal lymphoid organs investig-
ated gave a PFC response in vitro. An unexpected
finding, however, was the marked PFC response attain-
ed with a mixed culture of normal spleen and either
normal appendix or bone marrow cells and a somewhat
lesser response with a mixture of spleen and thymus
cells. However, this response proved to be very
inconsistent as only 3 out of 10 experiments attempt-
ed gave the results referred to above (Table IX).

It would appear that, under appropriate conditions
attained with the cells of a minority of rabbits,

a marked humoral immune response could be obtained

only with mixed cell cultures and not with indivi-

"dual organ cultures. Since previous investigations

have demonstrated that the primary immune response

in the rabbit requires the mediation of the antigen-
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reactive cell (ARC) and the antibody-forming

cell (AFC) (247, 248) and that the immunocompetent
cell residing in the bone marrow is the ARC (247),
the successful immune response obtained in vitro
with a combination of bone marrow and spleen cells
would suggest that the spleen constitutes a source
of the AFC. However, this interpretation does not
provide an understanding as to the nature of the
immunocompetent cells which mediated the immune
response with a mixture of spleen and appendix
cells., It may be that the spleen has both ARCs and
AFCs, much like the thoracié duct cells in the
mouse (26; 249), but they are both present in insuff-
icient numbers to provide for optimal interactions
resulting in antibody formation. The addition of
bone marrow cells rich in ARCs facilitates the max-
imum stimulation of the AFCs in the spleen cell
preparation whereas the addition of appendix cells,
which may be a major source of the AFC (46, 55, 250,
251) , may provide sufficient AFCs to allow the im-
mune responses to ensue. However, it must be stress-
ed that the primary immune responses obtained in
vitro were so infrequently observed that it is early
to theorize at this time, as to the types of cells

involved.
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Notwithstanding the results described
here, other investigators have apparently been more
successful at inducing a primary response in vitro
with rabbit lymphoid cell cultures. Henry et al
(52) obtained a primary PFC response to SRBC with
cultures of normal rabbit Peyer's patches cells and
spleen cells and Theis and Thorbecke (246) observed
a primary plaque-forming cell response to SRBC with
normal rabbit spleen cells in vitro. However, in
both instances, the responses observed with cells
of normal previously unimmunized rabbits were
consistently much lower than those observed with
spleen cells of previously immunized rabbits.
Whether thesé responses represent primary responses
in the true sense of the word may be seriously ques-
tioned in view of the fact that the in vitro res-
ponses have been obtained with the cells of a single
normal lymphoid organ whereas the primary response
in vivo, in both the mouse and the rabbit, is me-
diated by the interaction of at least two organ
specific, functionally - distinct lymphocytes, the
virgin antigen-reactive cell (ARC) and the virgin
antibody-forming cell (AFC) (15, 30, 247, 248). 1In

the mouse, the virgin ARC is localized in the thymus



(111)

(30, 252-255) and the virgin AFC in the bone

marrow (30, 252). In the normal rabbit, the virgin
ARC is localized in the bone marrow (50, 64, 248, 256)
and the source of the virgin AFC is not yet definite-
ly known although one source may be the appendix

(55). However, in both of these animal species,

cells of two distinct lymphoid organs must interact

in order for humoral antibody formation to be induced.
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INDUCTION OF THE PRIMARY IMMUNE RESPONSE IN VITRO

WITH RABBIT LYMPHOID CELLS.

Cells Cultured* Medivm Used Gaseous Phase PFC per 106 recovered mononuclear cells
harvested ot following day of culture
3 4 5 (]

———
Spleen Mishell & Dutton** 10:7 333-C02:02:N2 0 0 0 0
0/4)

Spleen Hom (3/6) 5:|7:73-C02:02:N2 0 10 30 15
0 15 40 18
0 12 67 k':}

Spleen Joklick or McCoy or 5:l7:78-C02:02:N2 0 0 0
0 0 0 0

Fisher or CMRL-1066 10:7:83-C02:02:N

or Eagle  (0/15)

L L L 1 1 2 11 1 1 1 {1 1111117

Spleen CMRL=1066 (3/10)

Bone marrow

Thymus

Circulating WBC

Appendix

Socculus rotundus

Peyer's patches

Spleen plus oppendix***

Spleen plus bone marrow

Spleen plus thymus

Spleen plus Peyer's patches

2

- o
5:17:7! COZ:OZ:N2

Spleen plus WBC

* In ecch case, 2 to 3x 107 lymphcid cells were incubated with l07 S-rbe.

**  The ratio, inp hesis, rep the number of ful experiments to the number attempted,
***  In the cases where mixtures of cells were cultures, 2 x 1o/ lymphoid cells of one organ were

cultured with 2 x 107 cells of the other orgon.
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II IN VIVO MIGRATION PATHWAY (S) OF ANTIGEN
(SRBC) STIMULATED ANTIBODY FORMING CELLS

IN THE ADULT RABBIT.

Experimental procedures:

The experimental protocol is diagramma-
tically presented in Figure 1. Rabbits were im-
munized by the intravenous injection of 102 srac.
They were then sacrificed at varying intervals of
time and the bone marrow, spleen, thymus, lymph
node (popliteal), appendix, sacculus rotundus and
Peyer's patches were extirpated.

The preparation of the various cell

suspensions was described in MATERIALS AND METHODS.

These cell suspensions were analyzed

for their content of plaque-forming cells (PFCs)

by the technigue of Jerne and Nordin (244) imme-
diately after sacrifice to determine whether these
organs possessed antibody-sfnthesizing cells.

Other aliquots of these cell suspensions were cult-
ured for 4 days in vitro in the presence of the
antigen, SRBC, and then analyzed for their content

of PFCs.
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The tissue culture procedure used was
essentially that described by Mishell and Dutton
(243) and outlined in MATERIALS AND METHODS.

One tenth ml aliquots of the lymphoid
cell suspensions containing 2-4 x 107 mononuclear
cells were cultured with 10’ SRBC in medium CMRL-
1066 containing normal rabbit serum (final concen-
tration 20 per cent). At day foﬁr following
initiation of culture, the cells were harvested
and analysed for the number of hemolytic plaque-

forming cells (PFCs).

Results:

The results of a typical experiment
are presented in Table X. Prior to day 4 after
in vivo immunization, none of the lymphoid organs
possessed PFCs which could be detected by plating
the cells immediately following sacrifice of the
rabbit. However, following in vitro culture of
the cells obtained from the rabbit sacrificed 1
to 2 days following in vivo immunization, only
the Peyer's patches were capable of giving rise
to PFCs. Of the organs obtained from the rabbit
sacrificed 4 to 7 days following immunization,

only the spleen possessed cells which could give
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rise to PFCs following 4 days in culture. However,
unlike the Peyer's patches cells, the spleen also
contained cells which could give a PFC response if
tested before culture. In other words, the spleen
at this time possessed cells which were active
antibody producing cells. After day 7 of immuno-
zation, antibodies in high titer and PFCs could
be detected in the circulation.

At nostime were plague-forming cells
(PFCs) detected in the spleens of unimmunized
rabbits irrespective whether the cell suspensions
were analyzed for PFCs immediately following sa-
crifice of the rabbit or after 4 days in culture
in the presence of the antigen. We were unable
to obtain a primary in vitro response with the
cells of any of the lymphoid organs of the normal
rabbit. -
Since only the Peyer's patches and spleen
cells of the immunized rabbits gave PFCs, only re-
sults with the cells of these two organs are present-
ed in Table XI. Here again, the Peyer's patches
cells, but not the spleen cells, obtained from rab-
bits sacrificed 1 or 2 days after immunization
uniformly gave a PFC response following culture for

4 days in the presence, but not in the absence,of



(116)

the antigen. The spleen began to give a PFC res-
ponse, either immediately after sacrifice or after
culture in vitro, only if the cells were obtained
from the immunized rabbits 3 or more days follow-
ing immunization. By this time the Peyer's patches
cells either gave a minimai or no PFC response.

It must be emphasized that the PFCs detect-
ed are not memory cells since they cannot be detect-
ed in the unimmunized rabbit. Therefore, the cells
detected initially in the Peyer's patches are pro-
~bably immature committed AFCs, since they must mature
in culture in the presence of the antigen before

they are capable of giving a PFC response.

Discussion:

In view of the numerous investigations
which implicate the gut-associated lymphoid tissues
in the rabbit--sacculus rotundus, Qppendix and
Peyer's patches (SAPP organs)-- in the mediation of
the humoral immune response (46, 54, 55, 58, 251, 257),
it was felt that these organs may act as reservoirs
of virgin AFCs and/or as organs of transit and/or as
sites of maturation for the stimulated AFC. The
results presented tend to support the two latter

suppositions. The Peyer's patches cells did not
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manifest PFC activity when the cells were analyzed
for PFCs immediately after sacrifice one or two
days following immunization, but did give rise to
PFCs following 4 days in cell culture. Since the
AFC is detected in the spleen two days after it

is initially detected in the Peyer's patches and
after it can no longer be detected in the Peyer's
patches, it is suggested that the antigen-stimulat-
ed AFC matures in the Peyer's patches for 1 to 2
days following which it migrates to the spleen, where
its period of maturation terminates and it trans-
forms into an overt PFC and antibody-synthesizing
cell. A similar consideration of the cellular
events culminating in antibody formation has been
presented by Hanaoka and Waksman (54) with respect
to the rabbit and by Cooper and Turner (58) with
respect to the rat. In the former case (54) , the
appendix is the SAPP organ considered to be the
source of the virgin AFCs while in the latter case
(58) it is the Peyer's patches which are consider-
ed to assume this role. 1In this connection, it

is noteworthy that Good et al (259) arrived at

a completely different conclusion with respect to

the role of the SAPP organs in the immune response.
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Rabbits were immunized with SRBC by various routes
(intravenously, intraperitoneally and orally) and
the various lymphoid organs were analyzed for PFCs
6 days later. The greatest number of PFCs (per 106
lymphoid cells) were detected in the spleen and
lymph nodes, a much lesser number were found in the
bone marrow and almost ﬁo PFCs were detected in

the SAPP organs or the thymus. These investigators
(259) concluded that the stimulated AFCs do not
exist in the SAPP organs and that they do not home
in on these organs even if they are stimulated in
another organ. However, these investigators only
analyzed the organs of the immunized rabbits at 6
days post-immunization. One can only speculate

as to whether they would have detected PFCs in

some other lymphoid organ would they have invest-
igated their animals at daily intervals of time
post-immunization and cultured their lymphoid cells,
as we did.

Henry et al (52) have reported that they
obtained primary in vitro PFC responses to SRBC in
tissue culture with cells obtained from normal adult
rabbit Peyer's patches and spleen. However, whether

these responses represent primary responses in the
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true sense may be seriously questioned in view of

the fact that the only antigen used was the SRBC,

which is known to cross-react with a number of enteric
bacteria and to possess the Forssman group of antigens
(258, 260). The responses observed by these invest-
igators (52) may therefore be attributed to committed
AFCs, rather than virgin, uncommitted AFCs. Some of
these cells may have homed in on the Peyer's patches,
following their stimulation with antigen(s) which
cross-react with the SRBC in some other organ. In

the presence of sufficient antigen in the microenviron-
ment of the Peyer's patches, the cells would be further
stimulated and would be induced to migrate to the spleen,
- where they would transform and/or proliferate into
overt antibody-forming cells and give rise to the
memory cells. In the absence of a threshold con-
centration of antigen in the Peyer's patches, the
stimulated AFCs would remain in this organ and would
not migrate to the spleen. A similar migration
pattern for the AFC has been suggested by Hanaoko

and Waksman (54) and Cooper and Turner (58). Since

we were unable to obtain a ptimary response with

the cells of any of the lymphoid organs of the unim-

munized rabbits, it would be fair to assume that the
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rabbits used in this investigations did not possess
AFCs already committed to respond to stimulation
with SRBC in vitro prior to immunization.

The data obtained strongly suggest that
the Peyer's patches constitute prime sites for the

maturation of the SRBC-stimulated AFC.



(121)

sacrifice 1-7 days
dfier immunization

LYMPH  THYMUS BONE APPENDX SACCULUS PEYERS

SPLEEN
MARROW  CELLS  ROTUNDUS PATCHES
mdysis{ OR cuture for
ot affer 4 with
P s-rbe
}tys’sfor
PFC
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TABLE X

THE ORGAN SOURCE OF COMMITTED PRECURSORS OF
PLAQUE-FORMING CELLS (PFC) AT INTERVALS OF
TIME SUBSEQUENT TO THE INTRAVENOUS ADMINISTR-

ATION OF lO9 SRBC,

Interval (in days) The plaque-forming capacity (PFC per 106 lymphoid cells) of cells of
between immunization organs analyzed immedictely or after four days in culture.
and sacrifice -
Spleen Lymph node  Thymus Bone Marrow  Appendix  Sacculus Peyer's
Rotundus Patches
Control - not Immunized | 0/0* 0/0 0/0 0/0 0/0 0/0 0/0
i 0/0 0/0 0/0 0/0 0/0 0/0 35/0
2 0/0 0/0 0/0 0/0 0/0 0/0 38/0
3 35/0 0/0 0/0 0/0 0/0 0/0 14/0
4 100/30 0/0 0/0 0/0 0/0 0/0 6/0
5 280/80 0/0 0/0 0/0 0/0 0/0 0/0
7 50/150 0/10 0/3 0/5 0/3 0/0 0/0

*  The numerator and the denominator represent the PFCs observed after four days in culture and immediately after
sacrifice, respectively,
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TABLE XI

THE TEMPORAL RELATIONSHIP BETWEEN THE APPEARANCE
OF PFCs IN PEYER'S PATCHES AND SPLEEN CELLS AT

INTERVALS OF TIME FOLLOWING IMMUNIZATION WITH

10” SRBC.

! -

i Rabbit | Intorval b The plag ¥ (No. of PEGs per 109 lymphoid

i No. immunization cells) of cells of tbe Peyer' s patches and spleen amalyzed

| and sacrifice immediately or after 4 days in culture.

i {days). Peyer's patches cells Spleen cells

|

' 1 1 35/0 % 0/0

| 2 1 24/0 0/0

i 3 1 30/0 o/o
4 1 35/0 o/o
5 1 28/0 o/o
6 2 38/0 o/o
7 2 35/0 o/o
8 2 24/0 o/o

i 9 2 38/0 o/o

' 10 2 30/0 o/o

! 1 3 15/0 30/0
12 3 10/0 36/0

: 13 3 12/0 0/0
14 3 14/0 20/0

i 15 4 0/0 65730

! 16 4 o/o 48/22

i 17 4 2/0 s0/28

i 18 4 0/0 s6/42

: 19 4 1/0 40/15
20 5 o/0 165/95
2 5 0/0 278/80
22 5 0/0 200/75
2 5 o/o 160/65
24 1 e/o S0/150
25 1 o/o 45/180

* The numerator and the denominator represent tbe PFCs observed after four Gays
in cul and i diately after ifice, r

P Yo
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I1I THE ORGAN SOURCE OF THE CELLS MEDIATING

A CELLULAR IMMUNE REACTION IN VITRO.

A, The Inhibition by Homologous Lymphoid

Cells of the Plaque-Forming Cell Response

by Memory Spleen Cells in Culture.

Experimental procedures:

The protocol used in these experiments
is diagrammatically represented in Figure 2. Normal
white rabbits were immunized by the intravenous in-
jection of 109 SRBC. They were not used for tissue
culture experiments until 3 to 6 months had elapsed
following immunization. These rabbits are referred
to as "memory rabbits".

The animals were sacrificed by the intra-
venous injection of nembutal (50 mg per kg body weight).
.Thé circulating leukocytes and the various lymphoid
organs - thymus, bone marrow, spleen, popliteal lymph
node, appendix, sacculus rotundus and Peyer's patches,
were excised and processed to yield cell suspensions
in the manner described in MATERIALS AND METHODS.

The appendix, sacculus rotundus and Peyer's patches

are collectively referred to as SAPP organs.
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The in vitro cell culture technique
was set up as described previously. Spleen cells
of a memory rabbit (i.e. white rabbit) were cult-
ured with SRBC with or without the addition of
homologous (i.e. black rabbit) lymphoid cells or
autologous lymphoid cells in sterile petri dishes
(Figure 2). The medium used was CMRL-1066 (Micro-
biological Associates, Bethesda, M.D.) and the
gaseous phase was 5 per cent COZ, 18 per cent 0,
and 77 per cent Nj since these conditions were
shown to be optimal for the induction of a secon-
dary immune response in vitro (see Section I of
this chapter). The petri dishes were placed into
a specially constructed plexiglass chamber and
subjected to 6 complete horizontal excursions per
minute for the duration of culture. The cultured
cells were then harvested, centrifuged and analyzed
for their content of hemolytic plaque-forming cells
(PFC) to SRBC by the method of Jerne and Nordin
(244).

To determine the need for viable effector
cells, the memory spleen cells were cultured with
SRBC and the various homologous or autologous lymph-
0id cells or with SRBC and sonicates of the homo-

logous lymphoid cells.
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Sonicates were prepared by subjecting the
cells to 15,000 cycles per second for 30 seconds,
using a Fisher ultrasonic probe (Fisher Sciemtific
Co., ). Cell viability was determined by the me-
thod outlined in MATERIALS AND METHODS.

The effect of varying the relative conc-
entrations of homologous lymphoid cells was assess-—
ed using the same protocol (Figure 2). The number
7

of memory spleen cells cultured was kept at 2.0 x 10

and the number of homologous lymphoid cells added

7 7

to the cultures was varied from 0.1 x 10" o 8.0 x 10
cells. At the end of the culture period, the celis
were harvested and assayed for the content of hemoly-
tic plaque-forming cells to SRBC as described above.
Experiments were carried out to determine
the time required for the effector cells to be in
the culture to inhibit the secondary immune response
by the memory spleen cells. Effector cells were
added to the memory spleen cells at the initiation
of culture and at 24 and 48 hours thereafter. 2t
the end of the 4 day culture period, the cells were
harvested and assayed for hemolytic plaque-forming

cells.
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Results:

As can be seen in Table XII, the capacity
of memory spleen cells to generate PFCs to SRBC in
culture was not affected by the addition to the
culture plates of cells of any of the other auto-
logous lymphoid organs. In fact, the addition of
bone marrow cells stimulated the memory spleen
cells to proiiferate and/or transform to PFCs to
a greater degree than in their absence, as attested
to by the large number of PFC per 106 cultured
lymphoid cells (Table XII, column 7). On the other
hand, results of a quite different nature were ob-
tained when the memory spleen cells (white rabbit)
were cultured with cells of a homologous normal
rabbit (black rabbit) (Table XIII). The most
startling finding was the almost complete suppress-
ion of the emergence of PFCs by the homologous SAPP
cells and the circulating WBC. The spleen and
lymph node cells induced approximately a 40 to 50
per cent inhibition of the PFC response whereas
the bone marrow and thymus cells induced no inhi-
bition. However, here again, the memory spleen cells

cultured with homologous bone marrow cells appeared
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to survive and/or proliferate to a greater degree
than normal, since the number of PFC per 108 splenic
lymphoid cells cultured was almost 3 times greater
than the control value (Table XIII, column 7). Ex-
tending the cultures for 6 days rather than the
customary 4 days still did not result in any inhi-
bitory effects by the homologous thymus or bone
marrow cells (not shown in table). The results
were identical irrespective whether heated (56°C,
30 minutes) or unheated normal rabbit serum was
incorporated into the culture medium. These re-
sults, inhibition by homologous cells of the PFC"
response by memory spleen cells, were consistently
obtained in a series of over forty experiments.

In only one case did homologous cells fail to in-
hibit the PFC response.

These experiments were repeated in the
reciprocal manner. That is, preimmunized black
rabbits were used as the sources of memory spleen
cells and the organs of normal white rabbits were
used as sources of effector cells. In six such
experiments, identical results to those presented
in Tables XII and XIIT were obtained in that only

the homologous (white rabbit) SAPP cells and circ-
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uléting lymphocytes could inhibit the generation
of PFC's from memory (black) spleen cells in
culture.

As can be seen in Table XIV, the in-
hibitory capacity of the SAPP cells and circulat-
ing WBC is a property of the living cell since
sonicates of these cells were unable to inhibit
the emergence of PFC's in culture in vitro.

The inhibiting cells appear to represent
a constant proportion of the cells in each of the
four cell preparations which manifest inhibitory
activity (appendix, sacculus rotundus, Peyer's
patches and circulating WBC) since they were all
equally active at cell concentrations equal to the
memory spleen cells but lost activity at the same
dilution (Table XV). On the other hand, incubation
of the memory spleen cells with much larger numbers
of homologous thymus and bone marrow cells had no
déleterious effect on the capacity of the former
to generate PFC's (Table XV). However, incubation
of the memory spleen cells with homologous spleen
and lymph node cells in a ratio of 1 to 4 (memory
spleen cell to homologous lymphoid cell) resulted
in total inhibition of the PFC respomse in culture

(results not shown in Table).
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The effector cells could exert their
inhibitory activity only if cultured with the
memory spleen cells for the entire 4 day culture
period (Table XV). Addition of the effector cells
at day 1 of culture (24 hours after commencement
of culture) resulted in on;y a 30 to 40 per cent
reduction in the number of PFC's while addition
of effector cells at aay 2 of culture produced

no inhibition at all (TAble XVI).

Discussion:

The objective of this investigation
was to establish an in vitro system to serve as
a counterpart to the in vivo graft-versus-host = -
(GVH) reaction. 1In this way, it was hoped to
elucidate the organ source of the cells mediating.
the graft-versus-hosE reaction, a reaction generally
considered to represent a cell-mediated immune
reaction (267). The system described here permits
the direct observation of allogeneic cell interaction
and presumably cell death. The spleen cells of a
rabbit immunized 3 to 6 months previously (memory
rabbit) generates plagque-forming cells (PFC) in
vitro, if incubated with sheep cells for 4 days

under the appropriate culture conditions. If,
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however, the memory spleen cells are prevented from
either proliferating or transforming into PFC's,
then no plaques will be detected when these cells
are analyzed for PFCs four days after the initiation
of culture. Homologous (or allogeneic) lymphoid
cells obtained from the circulating blood and the
appendix, sacculus rotundus and Peyer's patches
(8APP organs) are capable of interacting with the
lymphoid cells of the spleen of the memory rabbit
since they can prevent these splenic lymphoid cells
from giving'rise to PFCs following stimulation with
the antigen. It must be emphasized that the lymphoid
cells of only these lymphoid organs were capable of
completely inhibiting the PFC response. The cells
in the bone marrow and thymus had no inhibitory
capacity at all while those in the lymph node and
spleen exhibited low-grade activity. However, when
lymph node and spleen cells were used in much greater
numbers in culture (4 to 8 times the number of SAPP
cells), they could effectively inhibit the induced
PFC response.

An interesting finding was the stimulation,
rather than inhibition, provided by allogeneic bone

marrow cells for the generation of PFC's in vitro.
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Since the rabbit bone marrow cells could not
generate PFC's when cultured with SRBC in vitro

(see CHAPTER FIVE, Section I) and since it has

been demonstrated that they do not ?ossess preeur-
sors of antibody-forming cells (68), it must be
concluded that the bone marrow cells provide a good
feeder layer for the memory spleen cells to thrive
on. The stimulation provided by the bone marrow
cells can only be detected if the results (Tables XII
and XIII) are given as the number of PFE€ per original
106 memory spleen ceils cultured and not as number
of PFC per lO6 lymphoid cells recovered.

The failure of rabbit thymus cells to
demonstrate allogeneic inhibition is not surprising
since it has been demonstrated by a number of invest-
igators that thymus cells themselves do not exhibit
GVH activity to any great extent. Rather, it is
the recirculating thymus-derived and/or thymus
dependent cells localized in the peripheral lymphoid
organs which exhibit GVH activity (25, 268-271).
Although evidence has been presented demonstrating
the capacity of thymocytes to induce splenomegaly
upon transfer to allogeneic immuncincompetent cr
hybrid hosts (271-274), the reactions obtained with

the transfer of spleen cells (thymus derived) are
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much more marked and intensé (271, 275). However,
it must be stressed that the relationship between
the induced splenomegaly and the GVH reaction is
not clear (272). The transferred cells may ‘simply
provide a stimulus toward proliferation of host
mononuclear cells in a manner akin to cellular
events in the Elkins' Model (238). The fact that
the thymus iﬁ the adult rabbit does not appear to
plaf a definitive role in the induction of the
hﬁmoral immune response (276) suggests that the
role of the thymus in the induction of both humoral
and cell-mediated immunity in the immunologically
mature rabbit may be more indirect than direct and
it may function in a non-specific manner.

The inhibitory activity demonstrated by
the SAPP and circulating cells is dose dependent
in that a ratio of memory lymphoid cell to inhibi=-
tory cell of greater than 10 to 1 in the cultures
permits a normal PFC response by the memory cells.
It was anticipated that one of these organs might
possess much greater numbers of effector cells
than the others, on the assumption that these cells
originate from stem cells in only one organ and

are then dispersed via the circulation to other organs

-&
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where they may mature or die. However, since the
Sapp cellsvand the cirbulgting WBC exhibited essen-
tially similar dose-response patterns, it would
appear that the circulation and all three SAPP
organs in the normal rabbit - appendix, sacculus
rotondis and Peyer's patches, constitute equivalent
sources of the effector cells. In the absence of
evidence to the contrary, it may be assumed that
the effector cells originate in the SAPP organs,
spill over into the circulation and infiltrate the
spleen and lymph nodes where they may survive for

a time and be detected in small numbers and where
they eventually die. The failure to detect any
effector cells in the thymus and the bone marrow
implies that.theée organs do not provide conditions
conducive to the continued viability or proliferation
of these cells. It is therefore necessary to
postulate that the capacity to invoke a GVH reaction
is a property of a unique cell which dies or sheds
this function oﬁce it leaves the circulation. Al-
ternatively, the GVE reactivity of the cell may be
characteristic of a specific period of the lifespan
of the cell and this activity is lost as the cell

passes into the "old age" phase, at which time it
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leaves the circulation. At this point, it may
constitute the immunologically-incompetent pool
of lymphocytes. -

Friedman (80, 277) recently reported
upon the use of the inhibition by homologous cells
of the PFC response by immune mouse spleen cells as
a means to detect transplantation immunity. He
demonstrated that plaque formation by immune épleen
cells (mouse A) could be inhibited if the cells
were initially incubated with spleen cells obtain-
ed from a mouse of a differentvstrain (mouse B),
irrespective whether the latter had been previous-
ly immunized to mouse A cells. The suppression of
plague formation was found to be quantitatively
related to'the relative nﬁmbers of effector (mouse
B) cells incubated (80, 277). Cells from hybrid
mice had no effect on plagque formation by spleen
cells obtained from mice of the parental strain
immunized with SRBC (277). On the other hand,
plaque reduction occurred when spleen cells from
non~-sensitized allogeneic mice were incubated with
the plaque~forming spleen cells. The author con-
cluded that the reaction reflected a homograft

response in vitro on one spleen cell population
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against another and constitutes a cell-mediated
reaction.

Results of a similar nature using
spleen cells of mice have most recently been re-
ported by ﬁirano and Uyeki (278). Unlike the
experiments of Friedman (80, 2775, these investi-
gators cultured spleen cells from mice of differ-
ent st;ains with SRBC for a period of 4 days
folloﬁing‘which the cells were analyzed for PFC's.
The degree of suppression of PFC's was related to
the disparity of the H-2 allele and did not depend
on complement to ensue. However, since the spleen
cells of both strains of mice (allogéneic culture)
incubated were capable of transforming into PFC's
in vitro, it is difficult to ascertain the exact
extent of allogeneic inhibition induced by cells of
one spleen against the other. The results obtain-
ed with the system deployed here are much simpler
to interpret since only the target memory spleen
cells are capable of giving rise to PFCs in culture.
Another distinction between our experiments and
those of Friedman (80, 277) and Hirano and Uyeki
(278) is that we investigated the "killer" capacity

of cells of a large number of lymphoid organs and
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the blood whereas the latter investigators were

only concerned with the spleen.
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THE FAILURE OF AUTOLOGOUS LYMPHOID CELLS TO INHIBIT

THE PLAQUE-FORMING CELL (PFC) RESPONSE BY MEMORY

SPLEEN CELLS IN CULTURE.

No. of lymphoid

No, of memory No. of S=tbc | Organ source of No. of autologous No. of PFC per | No, of PFC per

spleen lymphoid | added to autologous cells cells added to cells recovered IDZ recovered 10° cultured

cells cultured* culture added to culture culture lymphoid cells | spleen lymphoid
after 4 days of | cells after 4 days
culture in culture.

1.4 x 107 Ny Nil Nil 4.8x 10} 0 0-2

L4x 107 10 Nil Nil 6.0x 10, 430 ]

2.8x10 107 Nil Nil 1.8x 10 580 60

Lax10] 1o/ Bone marrow Lax o) 17 x107 380 155

l4x |§ i0? Thymus 1.4 x10] 6.6x108 440 54

lLax] 107 Lymph node 1.4x 10 6.0x 10 370 P

1.4x 10 1o/ Cireulatingwbe | 1.4x 107 9.6 x 108 70 P

ldx 10/ 107 Appendix l4x 10/ 6.0 10 440 39

1.4x107 107 Sacculus rotundus | 1.4 x |07 8.4 x IO6 360 55

1.4 x 10’/ |07 Peyer's patches l.4x l07 6.6x 10 440 54

* Four culture plates were set up in each instance and the cells were

pooled at the termination of culture,
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THE INHIBITION, BY HOMOLOGOUS LYMPHOID CELLS, OF

PLAQUE~-FORMING CELL (PFC) RESPONSE BY MEMORY SPLEEN

CELLS IN CULTURE.

No., of memory | No. of S=rbe | Organ source of No. of homologous | No., of lymphoid | No. of PFC per | No. of PFC per

spleen lymphoid | added to homologous effector cells added] cells recovered ] 10” recovered | I0° cultured

cells cultured* culture effector cells to culture lymphoid cells | spleen lymphoid
added to cuture after 4 days of | cells after 4 days

culture in culture

Lax1d] N Nl Nil 48108 0 0-2

1.4x10 I07 Nil Nil 6.0x1 430 48

2.8x 107 10 Nit Nil 1.8x1 580 )

Lax 1] 107 Bone marrow 1ax10) 1.7 %10 3% 122

ldxl 107 Thymus l4x l07 6.0x IO6 400 46

ldx 107 I07 Spleen l.4x I07 4.8 x 106 210 20

1.4 x l07 107 Lymph node i.4x |07 78x| 240 35

ldx! l07 Circulating wbe l.4x 107 1.0x1 ] 28 5

l.4x l07 |07 Appendix ldx 107 6.6 IO6 18 2

1.4 x10; 107 Sacculus rotundus | [.4x I07 9.0x l06 40 6

1.4x 10 10 Peyer's patches [.4xI10 9.6 x10 30 5

- Four culture plates were set up in each instance and the cells were

pooled at the termination of culture.
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THE REQUIREMENT OF LIVE HOMOLOGOUS EFFECTOR CELILS

TO EFFECT INHIBITION OF THE PFC RESPONSE BY MEM-

ORY SPLEEN CELLS.

No. of PFC per 106

No. of memory | No. of S~tbc | Organ source of No. of effector No. of lymphoid
spleen lymphoid | added to effector lymphoid lymphoid cells cells recovered | recovered lymphoid
cells cultured* culture cells added to {or equivalent) cells ofter 4 days of
culture added to culture culture
1.5 10] Ny Nil Nil Lix 1o, 0-3
1.5 x 10 10 Nil Nil 1.3x [0
SRRSO N EEEE NS EESEnEEEEE Do -----7---- PESGGETESEEDE
1.5x! 10 Autologous whe 1.5x10) 1.5x 1] 310
1.5x1 IO7 Homologous whe l5x10 lIx 10 5
1.5x 10 10 Homologous wbe 7
sonicate 1L5x 107 1.2x10
OO0 5E RN D DN S A K I O S S Sy NG D G G 0y SN S S5 I a8 5D I 6 00 S8 1 0N 0 A0 . .
15x1 4 Autologous appendix | 1.5 | Lix 107, 350
1.5x lD7 IO7 Homologous appendix § 1.5 x 10 1.2x [0 4
1.5x 10 10 Homologous appendix 7 7
sonicate 1.5x 10 1,3x 10 300
L L L L L LRI T T TP PP T Pl TP TR T I PR P e e k)L
7
1.5x10 10 Autologous sacculus 7 7
rotundus 1.5x 10 I x 10 325
7 7
1.5x 10 10 Homologous sacculus 7 7
7 7 rotundus 1.5x10 1.0x 10 0
1.5x 10 10 Homologous sacculus 7 7
rotundus sonicate 1.5x 10 l.4x 10 350

pooled at the termination of culture.

Four culture plates were set up in each instance and the cells were
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INHIBITION, BY HOMOLOGOUS LYMPHOID CELLS, OF THE

PFC RESPONSE IN VITRO BY MEMORY SPLEEN CELLS.

THE

EFFECT OF VARYING THE RELATIVE CONCENTRATION OF

HOMOLOGOUS LYMPHOID CELLS.

No. of memory
spleen lymphoid
cells cultured*

No. of S-rbc
added to culture

No. of homol

Organ source of h o
effector cells added to culture

g
effector cells added
to culture

No. of PFC per 106
lymphoid cells

- recovered after
4 days in culture

2,0x10 Ny Nil Nil 0-3
2,0x If)7 IO7 Nil Nil 7 320
2,0x I07 l07 Circulating wbe 2.0x I07 0
2,0x |07 l07 Circulating wbe 0.4 x IO7 165
2.0x IO7 l07 Circulating wbe 0.2x I07 210
2.0x 10 10 Circulating whe 0.l x10 300
2.0x10) i) Appendix 2.0x10) 0
2,0x IO7 107 Appendix 0.4x l07 160
2.0 X 107 107 Appendix 0.2x! 225
0x10 10 Appendix 0./ x10 308
2.0x10) 10 Saceulus rotundus 2.0x10/ 0
2.0x 107 107 Sacculus rotundus 0.4x IO7 175
2,0x 107 IO7 Sacculus rotundus 0.2x1 240
2,010 10 Saceulus rotundus 0.IxI 290
2.0x10] 10 Peyerts patches 2.0x10 0
2,0x 107 I07 Peyer?s patches 0.4x I(J7 180
2.0x 10, 10 Peyer*s patches 0.2x | 250
2,0x10 10 Peyer®s patches 0.1x 10 300
2,0x10] 10 Thymos 8.0x10) 310
2,0x IO7 I07 Thymus 4,0x 107 330
2,0x10 10 Thymus 2.0x10 38
2.0x10] 4 Bone marrow 8.0x 10/ 75
2,0x 10, I07 Bone marrow 4.0x 10, 360
2,0x| 10f Bone marrow 2,0x | 342

*  Four culture plates were set up in each instance and the cells were pooled ot the terminction of culture.
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THE INHIBITION, BY HOMOLOGOUS LYMPHOID EFFECTOR

CELLS, OF THE PFC RESPONSE IN VITRO BY MEMORY SPLEEN

CELLS.

OF THE HOMOLOGOUS EFFECTOR CELLS.

THE EFFECT OF VARYING THE TIME OF ADDITION

No. of memory | No. of S-bc | Organ source of No. of homologous | Effectrcells added | No. of PFC per 106
spleen lymphoid | added to homologous effects effects cells added | at following day recovered lymphoid
cells cultured* culture cells added to to culture after initiction of cells after4 days
culture culture in culture
7 . . . .
2,5x1 Nil Nil Nil Nil 0-3
2.5x10f 107 Nil Nil Nil 425
2,5x% 107 107 Circulating whe 2,5x I07 0 0
2,5% IO7 107 Circulating wbe 2,5x 10 | 255
2.5x10 10 Circulating wbe 2.5x 10 2 3%
2.5x 10; |0; Appendix 2.5x% 10; 0 20
2,5x I()7 107 Appendix 2,5x I07 | 280
2,5x10 I0 Appendix 2,5x 10 2 410
* Four culture plates were set up in each instance and the cells were

pooled at the termination of culture.
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B. The Radio-Sensitivity of Normal

Lymphoid Cells Mediating a Cellular

Immune Reaction in Vitro.

Experimental procedures:

The protocol for the experimental pro-
cedures carried out is diagrammatically presented
in Figure 3. Memory spleen cells were obtained
from white rabbits immunized with 102 SRBC three
to six months prior to sacrifice.

Effector cells were obtained from homo-
logous black rabbits which were subjected to whole
body irradiation in doses ranging from 800 to 1400R.
These rabbits were sacrificed two to twelve hours
after irradiation. WBC, appendix, Peyer's patches
and sacculus rotundus cell suspensions were prepared
as described in MATERIALS AND METHODS. These sus-
pensions were cultured with the memory spleen cells
together with SRBC for four days after which the
cells were harvested and analyzed for their PFC
content. As controls memory rabbits were subjected
to 800 to 1200R total body irradiation and their
spleens were then analyzed for the capacity to give

a secondary immune response in vitro.
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In other experiments, circulating white
blood cells and cell suspensions of appendix, sac-
culus rotundus and Peyer's patches obtained from
normal black rabbits were subjected to doses of
irradiation varrying from 2000R to 10,000R. Each
cell preparation was cultured with memory spleen
cells in the presence of SRBC for four days.

Culture conditions were the same as those described
in MATERIALS AND METHODS. At the end of the

culture period, the cells were harvested and assayed
for the content of PFCs as described in MATERIALS AND

METHODS .

Results and Discussion:

The capacity of cells of irradiated rabbits
to inhibit the PFC response of homologous memoxy
spleen cells in vitro is detailed in Table XVII. A
dose of up to 1200R whole body irradiation did not
have any effect on the SAPP cells or circulating
WBC whereas the same cells of animals which had been
subjected to 1400R irradiation lost the capacity
to inhibit the PFC response.

The relative effect of irradiation on the
capacity of memory spleen cells to give rise to

PFCs or, conversely, of SAPP cells and WBC to in-
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hibit the emergence of PFCs, is shown in Table
XVIII. Although 1200R completely suppressed the
capacity of memory spleen cells to produce PFCs

in culture, SAPP cells and WBC of such irradiated
animals could nevertheless inhibit the PFC response
by memory spleen cells (Table XVIII).

As can be seen from Table XIX, effector
cells that have been exposed to 10,000R irradiation
in vitro lost their capacity to inhibit the generation
of PFCs by memory spleen cells. Exposure of these
cells to 4,000R irradiation in vitro markedly decreas-
ed their capacity to inhibit the PFC response by
the memory spleen cells. A dose of 2000R had only
a slight effect on the caéacity of SAPP cells and
circulating WBC to inhibit the emergence of PFCs from

homologous memory spleen cells.
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FIGURE 3. PROTOCOL FOR THE DETERMINATION OF THE
RADIO-SENSITIVITY OF THE CELLS OF THE
NORMAL IMMUNOLOGICALLY-COMPETENT RABBIT

MEDIATING CELLULAR IMMUNITY IN VITRO.
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TABLE XVII

THE INHIBITION, BY HOMOLOGOUS LYMPHOID EFFECTOR

CELLS OF THE PFC RESPONSE BY MEMORY SPLEEN CELLS.

THE EFFECT OF IRRADIATION OF THE HOMOLOGOUS CELL

DONOR.

(148)

No. of PFC per |06

No..of memory | No. of S-tbc Donor of homologous cells § Organ source of homologous

spleen lymphoid | added to culture | subjected to following effectercells addsd to lymphoid cells

cells cultured* dose of total body culture (2.5x 107) recovered after 4
irradiation days in culture

2.5x10) Ny Nl Nil 0-3

2.5x10 10 Nil Nil 320

2.5x IO; IO; 800r Circulating whe 0

2,5x l07 l07 800r Appendix 0

2,5x10 10 800r Sacculus rotundus 10

2.5x 10; l(); 1000r Circulating wbe 0

2.5% I()7 l07 1000r Appendix 0

2,5x10 10 1000r Sacculus rotundus 0

2.5x10) 10/ 1200r Circulating wbe 0

2.5x 107 l07 1200r Appendix 15

2,5x10 10 1200¢ Sacculus rotundus 20

2.5x10) 10/ 1400r Circulating whe 300

2.5x 107 l07 1400r Appendix 290

2,5x10 10 1400r Sacculus rotundus 320

*  Four culture plates were set up in each instance and the cells were

pooled at the termination of culture.
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TABLE XVIII

THE EFFECT OF TOTAL BODY IRRADIATION ON THE CAPACITY
OF MEMORY SPLEEN CELLS TO GIVE A PFC RESPONSE IN
VITRO AND ON THE CAPACITY OF SAPP CELLS AND WBC TO

INHIBIT THE PFC RESPONSE IN VITRO.

Immune status Dose of Capacity of spleen cell No. of PFC per IO6 recovered lymphoid
of rabbit irradiation to give PFC in cultyre cells following incubation of. emory
given (No. of PFC per 10 splenic spleen lymphoid cells (2 x 10 ) with an
lymphoid cells recovered) equal number of homologous

Circulatingwbe | Appendix cells

Memory rabbit Nil 200 - 400
800r 200 - 400
1200r 0

Normal donor of

effector cells Nil 0 0
1000r 0 0
1200r 10 14
1400r 280 300
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TABLE XIX

THE INHIBITION BY HOMOLOGOUS LYMPHOID EFFECTOR CELLS
OF THE PFC RESPONSE BY MEMORY SPLEEN CELLS. THE EF-

FECT OF IN VITRO IRRADIATION OF THE HOMOLOGOUS LYMPH-

OID CELLS.
) 6
No. of memory No. of SRBC Homologous lymphoid cells Orpgan source of bomologous No. of PFC per 10
spleen lymphoid added to subjected to the following effector cells added to 1ymphoid cells re-
cells cultured# culture. dose of irradistion in vi- culture. covered after 4
tro. days in culture
7
2.8 x 104 Nl; Nil Nil (V]
2.8 x 10 10 Nil Nil 360
7 7
2.8x 107 10, 2,000 R Circulating ¥BC 30
2.8 x 101 101 2,000 R Appendix 40
2.8 x 10 10 2,000 R Sscculus rotundus 25
7
2.8 x 10: 107 4,000 R Circulatinz ¥BC 280
2.8x 101 107 4,000 R Appendiz 300
2.8 x 10 10 4,000 R Sseculus rotundus 300
7
2.8x 10: 107 10,000 R Circulatins WBC 330
2.8 x 107 l('.’7 10,000 R Appendix 350
2.8 x 10 10 10,000 R Sacculus rotundus 345

* Four culture plates were set up in each instance and tbe cells were pooled at
the termination of culture.
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C. Investigations to Determine the

Presence of Humoral Factors in

the Supernatants from PFC Inhibit-

ed Cell Cultures.

Experimental procedures:

1. Capacity of supernatants to inhibit a secondary

immune response in vitro.

The protocols used in these experiments is re-

presented diagramatically in figure 4.

A portion of the memory spleen cell prepa-
ration was suspended in Medium 199 containing 10 per
cent DMSO to give a cell concentration of 108 per ml.
The cells were then frozen in liquid nitrogen at the
rate of 1 degree per minute and were maintained at
~70°C until used (280). The other portion of the
memory spleen cells was cultured with effector cells
for 4 days in the manner described earlier. At the
termination of culture, the cells were centrifuged
and the supernatants were saved. These supernatants
were then tested for their capacity to inhibit the

PFC response by incubating them with the cultured
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memory cells and complement just prior to plating of
the cells. -

To test whether the supernatants of PFC-
inhibited cultures could inhibit the secondary immune
response by memory spleen cells in vitro, the super-
natants were mixed with equal volumes of fresh Medium
199 fortified with 200 units penicillin and strepto-
mycin per ml. This latter solution was used as cult-
ure medium for memory spleen cells which were either
obtained from a new memory rabbit sacrificed at this
stage of the experiment or from the original memory
rabbit whose spleen cells had been kept frozen during
the initial four day culture period. (See figure 4).
After four days of culture with 107 SRBC, these mem-
ory spleen cells were harvested and assayed for their
content of hemolytic plaque forming cells (PFCs).

To determine- the effect of anti-SRBC anti-
bodies on the induction of a secondary immune response
by memory spleen cells in vitro, the antisera was add-
ed to aliquots of medium so that the anti-SRBC titres
of these media were 1/5, 1/20, 1/100 and 1/200. The
memory spleen cells were cultured in this medium in

the presence of 107 SRBC in the usual manner. After
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four days in culture, the cells were harvested and

assayed for plaque forming cells.

2. Capacity of supernatants to manifest a cytotoxic
effect in vitro.

Supernatants of PFC inhibited cultures
collected as described above were tested for their
Cytotoxic effect on allogeneic and syngeneic cells
in vitro. For the analysis of cytotoxic activity,
0.1 ml(2 x 106)cells of the spleen cell suspension
(memory spleen cells were cultured in the absence of
antigenic stimulant and were collected after four
days in culture) was mixed with 0.1 ml of the "cyto-
toxic" solution and 0.1 ml of undiluted guinea pig
serum (a source of complement) in a plastic tube.
The tubes were incubated for 60 minutes at 37°C at
which point 0.6 ml_Medium 199 and 0.3 ml of a 0.2
per cent solution of trypan blue were added (281).
The cells were then analyzed microscopically to de-
termine the number of viable cells, defined as cells

which excluded the dye.

3. The absence of antibodies directed to cultured
spleen cells in supernatants from PFC-inhibited

cultures.
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The culture supernatants were analyzed
for the presence of antibodies directed to the
cultured spleen lymphocytes by the fluorescent anti-
body (sandwich) technigue, originally described by
Coons et al (282). Smears of spleen memory cells
used for the cultures were air-dried on microscope
slides and fixed with 94 per cent ethanol for 10
minutes at room temperature. The slides were stored
at 4°C until used. The slides were exposed to the
potential antibody-containing supernatants for 30
minutes at room temperature, following which they
were washed with buffered saline and exposed to fluor-
escein-conjugated horse anti-rabbit gamma-globulin
for 30 minutes. The slides were then washed with
buffered saline, mounted in buffered glycerol and
analyzed under a Reichert fluorescence microscope

(Zetopan, binolux).

Results:

The supernatants of inhibited cultures
(those in which the PFC response was inhibited by
homologous SAPP cells or WBC) were analyzed for

cytotoxic antibodies directed to the spleen lymph-
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oid cells of the original memory cell donor.
These cells had been quick-frozen immediately
following sacrifice and were thawed just prior to
their use as target cells for cytotoxic antibodies.
As can be seen in Table XX, the supernatants ex-
hibited no cytotoxic activity even if complement
were added to the incubates. Furthermore, these
supernatants did not possess any cytotoxic activity
directed toward the PFCs since they could not in-
hibit plaque formation if incubated with the PFCs
obtained from cultures of the original memory
rabbit for 60 minutes in the presence of complement
at 37°C prior to plating (Table XXI). Nor could the
supernatants inhibit the in vitro generation of PFCs
if added to the medium used for culturing memory
spleen cells obtained from the original memory rabbit.
(The cells which were frozen in DMSO and thawed just
prior to their.culture with these supernatants) and
SRBC or cells from an allogeneic memory rabbit and
SRBC (Table XXII). At no time were anti-SRBC anti-
bodies detected in any of the cell cultures other than
the cultures consisting of the memory spleen cells
stimulated by SRBC (Tables XXI and XXIII).

The addition of anti-SRBC antiserum to

the medium used for culturing the memory spleen cells
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and SRBC could inhibit the generation of PFCs
only if the anti-SRBC titre of the medium exceed
200 (Table XXIV).

Media showing antibody titers below 100
showed little or no inhibition. No antibodies to
the memory spleen lymphoid cells could be detect-
ed in any of the culture supernatants using the

flucrescent antibody (sandwich) technique,

Discussion:

This series of experiments was performed
with the aim of providing further evidence for the
cellular nature of the reaction observed -- the
inhibition of the generation of PFCs from memory
spleen cells by allogeneic lymphoid cells in vitro.
The fact that the reaction is a complement-inde-
pendent one strongly favours its cell-mediated na-
ture, since it is generally agreed that humoral an-
tibody can express its cytotoxic properties best, if
not only, in the presence of lytic complement (165,
279, 280, 283). 1In the studies conducted on the
supernatants from PFC inhibited cultures, no anti-
bodies directed towards the target cells could be

detected using the fluorescent antibody technique.



(157) -

These results suggest a cell-cell interaction but
do not completely rule out the possibility of a
soluble factor which may be released by the effect-
or cells.

Results of numerous investigations have
disclosed that the addition of specific antibodies
to antibody-forming cells in culture will prevent
active antibody formation to the specific antigen
by these cells (285-287) in the same manner as the
injection of antibody in vivo will inhibit specific
antibody synthesis (288-291). Circulating antibodies’
to SRBC can often be detected in the circulation of
the normal rabbit albeit in low concentration (292-
293), if these antibodies are synthesized by SAPP
cells their release in sufficient numbers from the
cultured SAPP cells might inhibit the antibody-syn-
thetic mechanism of the memorv spleen cells present
in the culture thus preventing their transformation
into PFCs. However, the SAPP cells by themselves
could not give rise to PFCs if cultured with SRBC
(Table XIX) and, they could not synthesize anti-
SRBC antibodies in detectable quantities. Further-

more, the addition of anti-SRBC antibodies to the
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culture mixture could effect inhibition of the
generation of PFCs to the SRBC but only if the
amount of antiserum added to the medium were
sufficient to confer a titre of 200 or more to the
medium used. These titres were much higher than
those ever measured in the.supernatants obtained
from memory spleen cells exhibiting a secondary
iﬁmune response in vitro. (Tables IX and X). The
presence of anti-SRBC can thus be ruled out as a
factor leading to the in vitro inhibition of PFC
by memory spleen cells.

The failure to detect antibodies directed
toward the memory spleen lymphoid cells and the
lack of any cytotoxic activity effect in the super-
natants of PFC-inhibited cultures, even in the pre-
sence of complement, points to the cellular nature
of the reaction observed. However this does not
rule out the presence of other soluble factors which

may play a role in the cellular interaction described.
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SPLEEN THYMUS LYMPH WBC APPENDIX PEYER'S SACCULUS

MARROW or CELLS or CELLSor NODE or  or CELLS or PATCHES or ROTUNDUS

CELLS CELLS CaLs CELLS
culture
4 days with SREC L ANTIBODIES TO SRBC
2 CYTOTOXIC ANTIBODIES TO SYN-
CUTURE | fesfed for, .| GENEIC AND ALLOGENEIC SPLEEN
SUPERNATANTS | Aesencedr- on).

cells frozen in DMSO
(- 70°¢)

cells assayed for PFCS

FIGURE 4. PROTOCOL FOR THE INVESTIGATION OF THE

PRESENCE OF ANTIBODIES IN SUPERNATANTS

OBTAINED FROM PFC-INHIBITED CULTURES.
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THE LACK OF CYTOTOXIC ACTIVITY OF THE SUPERNATANTS

OF CULTURES OF HOMOLOGOUS EFFECTOR CELLS AND MEM-

ORY SPLEEN CELLS.

Culture supernatant tested*

Cytotoxic index** of supernatant tested with
cells of memory spleen cell donor.***

Complement added
to test cell mixture

No complement added
to test cell mixture

Memory spleen + S-rbc

S-rbe

Memory spleen + S-rbe + homologous appendix
Memory spleen + S-rbe + cufologo.us appendix
Memory spleen + S-rbe + homologous whe
Memory spleen + S-rbe + autologous whe
Memory spleen + S-rbc + homologous thymus

*
%

Supernatants were obtained at the termination

Defined as the percentage of dead cells.
AR

14 per cent
10 per cent
18 per cent
13 per cent
20 per cent
I5 per cent

18 per cent

of culture (4 days).

10 per cent
10 per cent
16 per cent
12 per cent
18 per cent
10 per cent

18 per cent

Spleen cells of donor rabbit were frozen in DMSO (see text) and thawed just pricr to testing

for cytotoxicity. The number of vicble lymphoid cells is considered to represent 100 per cent.
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TABLE XXI

THE LACK OF CYTOTOXIC AND ANTI-PFC ACTIVITY OF

SUPERNATANTS OF PFC-INHIBITED CULTURES.

Contents of original No. of PFC per 1.06 Hemagglutination Hemolytic titers The plaque forming capacity
cell culturess lymphoid cells of titers of superna- of supernatants*« | of in vitro generated PFCs
original cultures tants** of cultures. of cultures. incubated with C' and the
after 4 days incu~ supernatants of original ce-
bation. 11 cultures for 60 minutes
prior to plating.s#*
Memory spleen + SRBC 120 0 8 65
Memory spleen + SRBC +
Autol, wbe 90 0 0 60
Memory spleen + SRBC +
Homol. wbe 0 o 0 70
Memory spleen + SRBC +
Autol, App. 95 [} 0 64
Memory spleen + SRBC +
Homol. App. 0 0 o 68
*  Cultures consisted of 2 x 107 splenic lymphoid cells, 107 SRBC and, where stated, 2 x 107
autologous or homologous circulating wbe or appendix cells. The gaseous phase used was
5% €02, 18% Oy and 77% N2.
**  The supernatants were obtained by centrifugation of the cultures after incubation for
4 days at 37°C,
shx

The memory spleen cells were obtained from the same rabbit whose cells were used in the
original cultures (Column 1). These cells had been incubated with SRBC for 4 days, follo~
wing which they were harvested, incubated with the suspected cytotoxic supernatants and
complement for 60 minutes and then analysed for their content of PFC's (see text).
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TABLE XXTII

THE LACK OF CAPACITY OF SUPERNATANTS OF PFC-INHIBITED
CULTURES TO INHIBIT THE GENERATION OF PFCs FROM MEM-

ORY SPLEEN CELLS IN VITRO.

6
Supernatants obtained from the No. of PFCs per 10 1lympboid cells following culture
of supernatants with memory spleex celils (secondary
following primary cultures* culture) obtained from the following rabbits:
The same donor as used for g A bomologous white memory
g primary culturesss ratbit
MemoTy spleen cells (white rabbit A) cultured with: (Rabbit A) (Badbdit C)
w1 192 325
SBBC 205 305
Autologous WBC + SRBC 160 270
Auntologous thymms + SRBC 180 1 275
Antologous appendix + SRBC 160 290
Homologous WBC (normal black rabbit B) + SRBC 170 265
Homologous thymus (normal black rabbit B) + SRBC 155 290
Homologous appendix (normal black rabbit B) + SRBC 180 215
- ts were ob at the ination of culture (4 days) of memory splee= cells of rabbit A

na cells of autologous or homologous black rabbit.
s+ Spleen cells of rabbit A were frozen in DMSO (see text) at the time of sacrifice x=nd thawed just prior
to use in culture with the suspected cytotoxic and ytotoxic -
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TABLE XXTIII

ANTIBODY SYNTHESIS BY RABBIT LYMPHOID CELLS CULTURED

IN VITRO.
Immune status Cells of organ Antigen (S-rbc) Antibody (anti~S-rbc) titers of supematants after
of rabbit cultured added (10 cells) 4 days in culture*
Memory Spleen No 0
Memory Spleen Yes 32-64
Normal Spleen No 0
Normal Spleen Yes 0
Normal Appendix No 0
Norma! Appendix Yes 0
Normal. Sac. Rotundus No 0
Normal Sac. Rotundus Yes 0
Normal Peyer's Patches ! No 0
Normal Peyer's Patches | Yes 0

* The titer is defined as the maximum dilution capcble of effecting hemolysis of SRBC. Titers less than 2 are
considered to be negative.
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'THE EFFECT OF ANTI-SRBC ANTISERUM

OF PFCs BY MEMORY SPLEEN CELLS IN

TABLE XXIV
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ON THE GENERATION

VITRO.

Xo. of memory | No. of SREC | Organ source of | No. of homologous | Hemagglutination titer | No. of lymphoid | No. of PFCs
spleen cells [ added to homologous ef- 1lymphoid cells of the culture medium cells recovered overed per
cultured culture fector lymphoid § added to culture following the addition 10" lymphoid
cells added to of the anti-SRBC anti- cells after 4
culture serum days of culture

2.3% 10° ni1 - — — 1.8x10° 0

7 7 7
2.3z 10 1x10 -_— — — 1.6 x 10 360

7 7

2.3x 101 1x10 — — 0 (NRS) 1.6 x 10 350

7 7 7
2.3z 10 1x10 — — 1:5 1.7x10 310

7 7 7
23x10 1x10 — — 1:20 1.8 x 10 240

7 7 7
2.3x10 1x10 — — 1:100 1.5x 10 170
2.3x100  J1x10 - - 1:200 1.7x10 40

7 7 -
2.3x10 1x10° Homol. thymus | 2.3 x 10 15 1.8 x 10’ 290

7 7
2.3x 10 1x10 Homol. thymis  [2.3 x 10 1:20 14310 210

7 7
2.3x 10 1x10 Autol. appendix [2.3 x 107 1:5 1.9 x 107 280

7 7 7
2.3x 10 1x10 Autol. sppendix [2.3 x !.07 1:20 2.0 x 10 200
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Iv IN VIVO MIGRATION PATHWAY (S) FOLLOWING
SPECIFIC ANTIGENEIC STIMULATION, OF THE
CELLS MEDIATING THE CELLULAR IMMUNE REACT-

ION IN VITRO.

Experimental procedures:

The experimental design of this series of
experiments is illustrated in Figure 5. White rabbits
were immunized by the intravenous administration of
109 SRBC. Three to six months later they were subject-~
ed to partial appendectomy and the cells obtained
from the extirpated appendix were washed several times
and suspended in medium 199. Aliquots of appendix
cells (about 5x108 cells) were administered intrave-
nously to black rabbits which were then sacrificed
at specified times following immunization and their
lymphoid organs were extippated. Cell suspensions
of bone marrow, thymus, circulating white blood
cells, lymph nodes (popliteal), spleen, appendix,
Peyer's patches and sacculus rotundus were prepared
from the immunized black rabbits as described in
MATERIALS AND METHODS. Each of these cell suspensions

was cultured with an equal number of spleen cells
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from the original white memory rabbit whose appendix
had been used for immunizatibn. Following four days
of culture under the conditions described earlier

the cells were harvested and analysed for their con-

tent of PFCs.

Results and Discussion:

As can be seen from Table XXV immunization
of the donor of the effector cells with appendix
cells of the prospective memory rabbit resulted
in a change with respect to the organ sources of
the cells capable of effecting the inhibition of
the PFC response by memory spleen cells. Cells from
the sacculus rotundus, appendix, Peyer's patches
and circulating white blood cells obtained three
days following immunization no longer inhibited the
PFC response of memory spleen cells to SRBC in vitro.
In contrast, the thymus cells were capable of mark-
edly inhibiting the PFC response. Bone marrow,
spleen and lymph node cells showed no change in
their pattern of inhibition on day three following
immunization from the pattern seen when these cells
were obtained from unimmunized normal (black) rabbits

and cultured with memory spleen cells in a similar
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fashion. On day ten following immunization thymus
cells still had the capacity to almost completely
inhibit the generation of PFCs in vitro. SAPP
cells and WBC, on the other hand, began to regain
their inhibitory capacity. Spleen cells could
induce a 75 per cent inhibition whereas lymph

node cells induced about 50 per cent inhibition.
By day 18 after immunization with memory appendix
cells the organs possessing effector cell activity
were the same as those in normal rabbits (See Table
XXV). SAPP cells induced almost complete suppres-
sion of the emergence of PFCs. Spleen cells ex-
hibited approximately a 70 per cent inhibition
whereas thymus, bone marrow and lymph node cells

induced no inhibition of the PFC response in vitro.
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FIGURE 5. PROTOCOL FOR THE STUDY OF THE MIGRATION
OF THE CELLS MEDIATING THE IN VITRO GRAFT-

VERSUS-HOST REACTION IN THE RABBIT.
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TABLE XXV

THE INHIBITION BY HOMOLOGOUS LYMPHOID EFFECTOR CELLS
OF THE PFC RESPONSE IN VITRO BY MEMORY SPLEEN CELLS.
THE EFFECT OF IMMUNIZATION OF THE DONOR OF THE EF-

FECTOR CELLS WITH APPENDIX CELLS OF THE MEMORY RABBIT.

6
No. of memory No. of SRBC|] Organ source of ho- No. of homologous (black No. of PFC per 10 recovered lymphoid
(white rabbit) |Jadded to mologous effector rabbit) lymphoid cells cells after 4 days of culture. The
spleen cells culture cells added to cult- added to the culture effector cells were obtained from the
cultured. ure. Cells obtained black rabbit at the following days
(total lymphoid from black rabbit im- after immmization with appendix cells
cells) munized with appendix of white memory rabbit.
cells of memory white v
rabbits DAY 3 Ipay 10 DAY 10 DAY 18
7
2.1 x10 nil nil nil 0 0 [ I | 0
7 7
2.1 x 10 10 nil nil 300 300 300 300
7 7 7
2.1 x10 10 bone marrow 2.1 x 10 220 ND ND 135
7
2.1x10 10 thyms 2.1x 10 ol 15 25 310
7
21310 10’ 1ymh node 2.1 x 10 175 1 160 180 290
7 7
2.1x10 10 spleen 2.1x 107 210 95 70 80
7
2.1x 101 10 wbe 2.1 x 107 300 85 80 30
2.1 x 107 107 sacculus rotundus 2.1 x 107 280 100 120 10
7 7 7
2.1x10 10 appendix 2.1 x 10 265 130 150 5
7
2.1x10 10 Peyer's patches 2.1 x 107 220 : 75 w0 | )
[ ! [

* Appendix cells for the sensitization of the normal black rabbits were obtained by partial appendectomy
of the prospective white memory rabbit whose spleen cells were subsequently used as target cells.
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CHAPTER SIX

GENERAL DISCUSSION

Although the optimal conditions required
for inducing a secondary immune response were achiev-
ed, their use in attempts to induce a primary im-
mune response with lymphoid cells from unimmunized
rabbits were mostly non-productive. It is note-
worthy that the only successes attained were with
a mixed culture of normal spleen and either normal
appendix or bone marrow cells and to a lesser extent
with a mixture of spleen and thvmus cells. However,
this response proved to be very inconsistent as only
3 out of 10 experiments attempted gave the results
referred to in Table IX. It would appear that under
appropriate conditions attained with the cells of
a minority of rabbits a marked humoral immune resp-
onse could be obtained only with mixed cell cultures
and not with individual organ cultures.
Notwithstanding the results described here,
other investigators have apparently been more success-
ful at inducing a primary response in vitro with rabbit
lymphoid cell cultures. Henry et al (52) obtained a

primary PFC response to SRBC with cultures of normal
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rabbit Peyer's patches cells and spleen cells and
Theis and Thorbecke (246) observed a primary plaque-
forming cell response to SRBC with normal rabbit
spleen cells in vitro. However, in both instances,
the responses observed with cells of normal, prev-
iously unimmunized rabbits were consistently much
lower than those observed with spleen cells of
previously immunized rabbits. Whether these res-
ponses represent primary responses in the true

sense of the word may be seriously questioned in
view of the fact that the in vitro responses were
obtained with the cells of a single normal lymph-
oid organ whereas the primary response in vivo, in
both the mouse and the rabbit, is mediated by the
interaction of at least two organ specific, func-
tionally - distinct lymphocytes, the virgin antigen-
reactive cell (ARC) and the virgin antibody-forming
cell (AFC) (15, 30, 247, 248). In the mouse, the
virgin ARC is localized in the thymus ( 30, 252-255)
and the virgin AFC in the bone marrow ( 30, 252).

In the normal rabbit, the virgin ARC is localized

in the bone marrow (50, 64, 248, 256) and the source
of the virgin AFC is not yet definitely known al-

though one source may be the appendix (55). However,
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in both of these animal species, cells of two
distinct lymphoid organs must interact in order

for humoral antibody formation to be induced. In
the unimmunized rabbit, the spleen does not appear
to possess the necessary complement of virgin im-
munocompetent cells (50, 248). Since the only an-
tigen used to evaluate the primary immune response
in vitro has been the sheep red blood cell, which

is known to cross-react with the enteric bacteria
(258, 260) it may be that the virgin immunocompetent
lymphoid cells in the rabbit are, in fact, being
continually stimulated with subthreshold or even
threshold concentrations of antigens cross-reacting
with the SRBC. It may therefore be speculated that
the immunocompetent cells detected by virtue of
their capacity to give a primary immune response

in vitro (52, 246) are probably committed cells and
therefore should not be considered to be virgin
AFCs. This conclusion is based on previous findings
from this laboratory which disclosed cells in the
sacculus rotundus of the normal, unimmunized rabbit
capable of responding with antibody formation follow-
ing stimulation with SRBC (60). These cells were,

in fact, committed AFCs (60). Since outbred rabbits
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vary in their functional immunologic responsive
pathways (295), and since the stimuli provided by
cross-reacting micro-organisms may vary in degree,
it may be that committed AFCs responsive to SRBC
may be localized in any or all of the organs in
the normal rabbit in which virgin immunocompetent
cells have been detected, namely the spleen (246,
310), sacculus rotundus (60), appendix (55) and
Peyer's patches (52).

In view of the numerous ° -osticgations
which implicate the gut associat
in the rabbit, - sacculus rotund
Peyer's patches (SAPP, in the m
humoral immune response) (46, 5.
it was felt that these organs =
of virgin AFCs and/or as organ
stimulated AFC, which may actu
where. The results presented
tend to support one or both of >
Since PFC could not be detect
patches if the cells were ana:
diately after sacrifice one o
immunization, but did give ris

4 days in cell culture, it ma
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Peyer's patches serve as a primary store of virgin
AFCs. Certainly, sacrificing the rabbit one day
following immunization with threshold antigen al-
lows sufficient time for the antigen-stimulated
ARC to vacate the bone marrow and impart its
"message" to the virgin AFC (64, 248, 256). Since
the AFC is detected in the spleen two days after
it is initially detected in the Peyer's patches
1t after it can no longer be detected in the
"'s patches, it is suggested that the stimulat-
" matures for 1 to 2 days in the Peyer's
(or other SAPP organs in other strains of
following which it migrates to the spleen,
matures into an overt PFC and antibody-
zing cell (Figure 6). A similar consider-
the cellular events culminating in anti-
“iation has been presented by Hanaoka and
54) with respect to the rabbit and by
2d Turner (58) with respect to the rat.
ormer case (54), the appendix is the SAPP
‘nsidered to be the source of the virgin
ile in the latter case (58), it is the
- patches which assume this role. It is

.2, however, that following subthreshold
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immunization with SRBC that the seQuence of events
may be aborted at different stages of the immune
response with the result that -
(a) either the ARC is not sufficiently
stimulated following immunization so
that the "message" does not leave the
bone marrow ARC (64) or
(b) that the antigenic stimulus is suffi-
cient to permit stimulation of the
AFC in the Peyer's patches but there
is not sufficient antigen to induce
the cell to vacate this organ and
to migrate to the spleen (Figure 7).
Instead, the stimulaéed AFCs remain in the Peyer's
patches where they transform to overt antibody-
forming cells and into memory cells. Such a si-
tuation may, in fact, occur in the normal rabbit as
a result of continuous stimulation locally with
enteric bacterial antigens which cross-react with
the SRBC (258, 260). This interpretation may
explain why normal rabbits possess circulating
antibodies to SRBC but do not possess detectable
numbers of PFCs in the spleen.

In order to eékablish whether the ob-

servations regarding the immunocompetence of the
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various SAPP organs represent a general or universal
phenomenon, it would be necessary to repeat the ex-
periments using a number of non-cross reacting an-
tigens. It may be significant that the cells in
the sacculus rotundus of the normal rabbit capable
of responding to the SRBC were unable to respond

to any of the other antigens used, thus demonstrat-
ing the antigenic specificity of the response of
the sacculus cells (60). Furthermore, the kinetics
of the in vitro primary responses observed with
either norﬁgi‘rabbit spleen cells (246) or normal
rabbit Peyer's patches cells (52) appeared to be
similar to those observed with memory spleen cells
in that the optimal response appeared to occur by
the fourth day in culture. Since, in vivo, the
kinetics of the primary and secondary immune res-
ponses are considerably different (see discussion
in reference 60), it behooves the investigator

to explain the seemingly anomalous behaviour seen
in the in vitro responses where these differences
appear not to exist. Furthermore, it might be
interesting to repeat these same in vitro experi-
ments with cells obtained from neonatal or very

young rabbits. On the assumption that the response
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observed by Theis and Thorbecke (246) and Henry

et al (52) are largely facilitated by the cross-
reactive nature of SRBC and enteric bacteria, it
might be anticipated that the lymphoid tissue of
the neonatal rabbit, not having been exposed to
these micro-organisms, would not exhibit immuno-
competence in vitro. This, in fact, has been
demonstrated by Sterzl et al (298) using neonatal
rabbits. They demonstrated that the spleen of a
rabbit under 20 days of age does not possess any
plaque-forming cells directed to SRBC. However,

at 30 days of age, plaque-forming cells could be
detected in the spleen (298). Since even newborn
rabbits can be stimulated to produce plaque-forming
cells in the spleen by 5 days of age following im-
munization with SRBC (294), it is obvious that the
animal is fully immunocompetent and could therefore
be likewise stimulated by cross-reacting enteric
micro-organisms.

The apparent ease with which a primary
humoral response can be initiated in vitro with
normal mouse spleen cells (243, 311—314) beckons
investigators to carry out similar studies using
other animal species in order to ascertain the

However, the

_——V ¥ 14 ——- - iy

enthusiasm generated by the repeated successes
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with normal mouse spleen cells is tempered

somewhat by the very rigid conditions imposed

onto the system in order to facilitate a positive

in vitro response. Several of these conditions

are as follows:

1.

A primary response can only be
obtained with cells of certain

inbred strains of mice, i.e. CBA

(300, 312). Attempts to induce

a primary response in vitro with

cells of other strains of mice have
not been successful (300, 312).

Even in the strains of mice in which
reconstitution, following immuno-
suppressive irradiation, can be
achieved by the transfer of spleen
cells (15, 249, 303) or a mixture of
thymus and bone marrow cells (15, 67b,
249), the in vitro counterpart of this
model, namely the initiation of a res-
ponse in vitro using mixed cultures of
thymus and bone marrow cells, has not
been achieved.

The antigens which have been used suc-

cessfully to induce a primary response
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in vitro are limited in number.

The most dramatic successes have been
noted with the sheep red cell (SRBC)
as antigen (243, 299, 300, 302, 303,
311-314) although success has also
been reported using the dinitrophenyl
determinant (304). The fact that the
SRBC contains the Forssman group of
antigens (258, 260), that the normal
mouse spleen invariably invariably
possess large numbers of background
plaque-forming and rosette-forming
cells to SRBC (260, 305-307, 312),
and that antibodies to SRBC can be
reqularly detected in the sera of
normal mice (308, 309) has not temp-
ered the general enthusiasm of the
investigators concerned. However,

it has recently been suggested

that what was being detected in
vitro was not a primary response

but a combination of a primary and
secondary response (260, 309, 312),
The great rapidity with which the
"primary" response can be induced

with mouse cells in vitro mitigates
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to its being a true primary response.

Although the optimal PFC response usualé

ly is not detected in vivo until about

4-5 days have elapsed following antigen

administration (80), the in vitro PFC

response reaches high levels within

3-4 days of culture (243, 299, 311, 312).

We were unable to obtain consistent in vi-
tro PFC responses with any of the organ cultures pre-
pared from the various lymphoid organs of the normal
rabbit, using a variety of media and gaseous condi-
tions. The small number of successful experiments
was overshadowed by the very large number of un-
successful ones and may represent "immune" normal
rabbits as a result of active immunization of these
rabbits with cross-reacting enteric micro-organisms.
The explosive response observed with mixed cell
cultures would be more sighificant would they be
reproducibly and consistently obtained. However,
since they were observed in only a small minority
of the experiments attempted, little significance
can be attached to them.

Another objective of this investigation
was to establish an in vitro system to serve as a
counterpart to the in vivo graft-versus-host (GVH)

reaction. 1In this way, it was hoped to elucidate
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the organ source of the cells mediating the graft-
versus~host reaction, a reaction generally consider-
ed to represent a cell-mediated immune reaction (267).
The system described here permits the direct observ-
ation of allogeneic cell interaction and presumably
cell death. The spleen cells of a rabbit immunized
3 to 6 months previously (memory rabbit) generates
plaque-forming cells (PFC) in vitro if incubated
with sheep cells for 4 days under the appropriate
culture conditions. If, however, the memory spleen
cells are prevented from either proliferating or
transforming into PFCs, then no plagques will be
detected when these cells are analyzed for PFCs

four days after initiation of culture. Homologous
(or allogeneic) lymphoid cells obtained from the
circulating blood and the appendix, sacculus ro-
tundus and Peyer's patches (SAPP organs) are ca-
pable of interacting with the lymphoid cells of

the spleen of the memory rabbit since they can
prevent these splenic lymphoid cells from giving
rise to PFCs following stimulation with the anti-
gen. It must be emphasized that the lymphoid

cells of only these lymphoid organs are capable



i "‘.)’

(182)

of completely inhibiting the PFC response. The
cells in the bone marrow and thymus have no in-
hibitory capacity at all while those in the lymph
node and spleen exhibit low-grade activity. How-
ever, when lymph node and spleen cells were used
in much greater numbers in culture (4 to 8 times
the number of SAPP cells), they could effectively
inhibit the induced PFC response.

An interesting finding was the stimul-
ation, rather than inhibition, provided by allo-
geneic bone marrow cells for the generation of PFCs
in vitro. Since the rabbit bone marrow cells could
not generate PFCs when cultured with SRBC in vitro
and since it has been demonstrated thét it does
not possess precursors of antibody-forming cells
(68) it must be concluded that bone marrow cells
provide a good feeder layer for the memory spleen
cells to thrive on. The stimulation provided by
the bone marrow cells can only be detected if the
results (Tables I and II) are given as the number
of PFC per original 106 memory spleen cells cultur-
ed and not as number of PFC per 10° lymphoid cells
recovered.

The failure of rabbit thymus cells to
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demonstrate allogeneic inhibition is not surprising
since it has been demonstrated by a number of invest-
igators that thymus cells themselves do not exhibit
GVH activity to any great extent. Rather, it is the
recirculating thymus-derived and/or thymus dependent
cells localized in the peripheral lymphoid organs
which exhibit GVH activity (25, 268-271). Although
evidence has been presented demonstrating the capa-
city of thymocytes to induce splenomegaly upon trans-
fer to allogeneic immunoincompetent or hybrid hosts
(271-274), the reactions obtained with spleen cells
(thymus derived) are much more marked and intense
(271, 275). However, it must be stressed that the
relationship between the induced splenomegaly and

the GVH reaction is not clear (272). The transferred
cells may simply provide a stimulus toward prolifer-
ation of host mononuclear cells in a manner akin to
cellular events in the Elkins' Model (238). The

fact that the thymus in the adult rabbit does not
appear to play a definitive role in the induction

of the humoral immune response (276) suggests that
the immunologic role of the thymus in the immuno-
logically mature rabbit may be more indirect than

direct and it may function in a non-specific manner.
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The inhibitory activity demonstrated
by the SAPP and circulating cells is dose depend-
ent in that a ratio of memory lymphoid cell to
inhibitory cell of greater than 10 to 1 in the
cultures permits a normal PFC response by the
memory cells. It was anticipated that one of
these organs might possess much greater numbers
of effector cells than the others, on the assumption
that these cells originate from stem cells in only
one organ and are then dispersed via the circulation
to other organs where they may mature or die. How-
ever, since the SAPP cells and the circulating WBC
exhibited essentially similar dose-response patterns,
it would appear that the circulation and all three
SAPP organs in the normal rabbit-appendix, sacculus
rotundus and Peyer's patches, constitute equivalent
sources of the effector cells. 1In the absence of
evidence ot the contrary, it may be assumed that
the effector cells originate in the SAPP organs,
spill over into the circulation and infiltrate the
spleen and lymph nodes where they may survive for
a time and be detected in small numbers and where
they eventually die (Figure 8). The failure to

detect any effector cells in the thymus and bone
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marrow implies that these organs do not provide
conditions conducive to the continued viability or
proliferation of these cells (Figure 8). It is
therefore necessary to postulate that the capacity

to invoke a GVH reaction is a property of a unique
cell which dies or sheds this function once it leaves
the circulation. Alternatively, the GVH reactivity
of the cell may be characteristic of a specific period
of the lifespan of the cell and this activity is lost
as the cell passes into the "old age" phase, at which
time it leaves the circulation. At this point, it
may constitute the immunologically-incompetent pool
of lymphocytes.

Friedman (80, 277) recently reported upon
the use of the inhibition by homologous cells of the
PFC response by immune mouse spleen cells as a means
to detect transplantation immunity. He demonstrated
that plaque formation by immune spleen cells (mouse A)
could be inhibited if the cells were initially incu-
bated with spleen cells obtained from a mouse of a
different strain (mouse B), irrespective whether the
latter had been previously immunized to mouse A cells.
The suppression of plaque formation was found to be
quantitatively related to the relative numbers of

effector (mouse B) cells incubated (80, 277). Cells
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from hybrid mice had no effect on plaque formation
by spleen cells obtained from mice of the parental
strain immunized with SRBC (277). On the other
hand, plaque reduction occurred when spleen cells
from non-sensitized allogeneic mice were incubated
with the plaque-forming Qpleen cells. The author
concluded that the reaction reflected a homograft
response in vitro of one spleen cell population
against another and constitutes a cell-mediated
reaction.

Results of a similar nature using spleen
cells of mice have most recently been reported by
Hirano and Uyeki (278). Unlike the experiments of
Friedman (80, 277), these investigators cultured
spleen cells from mice of different strains with
SRBC for a period of 4 days following which the
cells were analyzed for PFCs. The degree of sup-
pression of PFCs was related to the disparity of
the H-2 allele and did not depend on complement to
ensue. However, since the spleen cells of both
strains of mice (allogeneic culture) incubated were
capable of transforming into PFCs in vitro, it is
difficult to ascertain the exact extent of allo-

geneic inhibition induced by cells of one spleen
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against the other. The results obtained with

the system deployed here are much simpler to inter-
pret since only the target memory spleen cells are
capable of giving rise to PFCs in culture. Another
distinction between our experiments and those of
Friedman (80, 277) and Hirano and Uyeki (278) is
that we investigated the "killer" capacity of cells
of a large number of lymphoid organs and the blood
whereas the latter investigators were only concern-
ed with the spleen.

What is the evidence in favour of the
graft-versus-host (GVH) nature of the reaction
observed here? 1Is it necessarily a cell-mediated
reaction and can antibodies secreted by the effect-
or cell be ruled out either as the essential mediator
or participant of the reaction? Several characteris-
tics of the inhibition of the PFC response by ef-
fector cells, as obser&ed here, are compared and
contrasted with the counterpart characteristics
of the humoral immune response in Table XXVI. A
consideration of the properties listed would tend
to dissociate the two immune reactions at least
insofar as the primary mechanisms are concerned.

The cell types are different as is their sensitivity
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to irradiation; complement is required for anti-
body-mediated cytolysis but it is not required for
the reaction observed here; the periodé of in vitro
incubation required for optimal manifestations of
the two immune reactions are also different. The
fact that the reaction observed here is a comple-
ment-independent one strongly favors the cell-
mediated nature of the reaction, since it is general-
ly agreed that humoral antibody can express its
cytotoxic properties best, if not only, in the pre-
sence of lytic complement (165, 279, 280, 283). 1In
our laboratory, antilymphocyte serum is effective

as a cytotoxic agent in rabbit cells only if com-
plement is added to the system (284).

A very different interpretation of the
findings reported here-is possible. Results of
numerous investigations have disclosed that the
addition of specific antibodies to cells in cult-
ure will prevent active antibody formation by these
cells (285-287) in the same manner as the injection
of antibody in vivo will inhibit specific antibody
synthesis (288-290). Furthermore, it has been de-
monstrated that 19S5 antibody will stimulate, whereas
7S antibody will inhibit, active antibody synthesis

(288) and the generation of PFCs (288).
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Since rabbit cells do not possess the Forssman
Antigen (57) which the SRBC and many enteric
bacteria possess (57), it has been suggested
that the rabbit is constantly being subjected
to subthreshold antigenic stimuli, the latter
provided by the enteric bactéria and other
micro-organisms (57). This assumption might
explain why circulating antibodies to SRBC can
often be detected in the rabbit albeit in low
concentration (292, 293). Since the SAPP organs
provide the first line of defence with respect to
enteric micro-organisms, it may be argued that anti-
body forming cells would normally be generated in
these organs. Thus, incubation of these cells in
vitro might result in the release of sufficient
numbers of anti-SRBC antibodies to inhibit the
antibody-synthetic mechanism of the memory spleen
cells present in the culture preventing their trans-
formation into PFCs. However, this interpretation
cannot be seriously considered as the correct one
for the following reasons: -
(12 Although the normal SAPP cells or
WBC could inhibit the emergence
of PFCs from homologous memory

spleen cells in culture, these
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cells by themselves could not

give rise to PFCs if cultured with
SRBC (See Table IX). Thus, they
could not synthesize anti-SRBC
antibodies.

(2) Memory spleen cells could generate
PFCs in culture even if incubated
with large numbers of autologous
SAPP cells or WBC. These latter
cells should be as effective as
homologous cells to produce anti-
bodies to SRBC, if in fact they
had been endowed with this capa-
city.

(3) Supernatants of "inhibited" incu-
bates were not capable of inhibiting
the generation of PFCs by other mem-
ory spleen cells in culture. Certain-
ly, if the theory advanced above is
valid, then these supernatants should
have been rich in anti-SRBC antibodies
and therefore very inhibitory to the
generation of PFCs. However, such was
not the case.

(4) Although the primary response can

usually be inhibited by passively-
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transferred antibody, the secondary
response generally cannot be so in-
hibited. The response evoked here

is a secondary immune response in
Generally, Forssﬁan antibodies are

of the 195 class following primary
immunization and of the 7S class
following prolonged immunization
(316, 317). since the effector

cells were usually obtained from
young (2-3 months old) rabbits, it
might be expected that these rabbits
would still be-synthesizing 19S anti-
Forssman antibodies and that their
cells in culture would secrete 19§
antibodies which would stimulate, not
inhibit, further antibody synthesis by
the homologous memory spleen cells.
Conversely, since the memory rabbits
were usually much older (6-8 months
old), it might be expected that they
would be synthesizing 7S antibodies
and that their cells in culture would
release 7S antibodies which should

inhibit, not stimulate, further antibody
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synthesis by the memory spleen

cells. In fact, the opposite

occurred in the sense that SAPP

cells and WBC of young rabbits

inhibited the generation of PFCs

by homologous memory cells, whereas

these cells obtained from the old-

er immunized rabbits had no inhibi-

tory activity.

(6) Optimal inhibition of PFC generation

was observed when the ratio of ef-

fector cell to memory spleen cell

was l:1. When the ratio was incr-

eased to 1:5, the inhibition was

very slight. This stochiometric

relationship between effector and

memory cells suggests a cell-cell

interaction, rather than interac-

tion between the memory spleen

cell and a soluble factor released

by the effector cell.

On the basis of these considerations, it
is hardly likely that the inhibitory activity mediat-
ed by the SAPP cells and WBC is effected by conven-

tional type antibody molecules.
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An intriguing question is whether the
reaction observed here, the inhibition of the
in vitro generation of PFC from memory spleen
cells, is the result of interaction with a single
immunocompetent effector cell or a number of
functionally distinct effector cells. Since the
activity can be manifested by cells from a single
organ-either appendix, sacculus rotundus or Peyer's
patches, it is hardly likely that two different
cells are involved. Otherwise, it is necessary
to postulate that the two or more cells mediating
the response are localized in the same proportion
in each of these organs. This latter possibility
is not very likely and it is more probable that
the GVH or cell-mediated immune reaction is mediat-
ed by a single effector cell (318).

The finding of the effector cell in the
circulation in apparently its most active state
would support the contention that the reaction
described in vitro is a cell-mediated one since
other cell-mediated immune reactions, such as the
mixed leukocyte culture (MLC) reaction, graft re-
jection and passively-transferred autoimmune dis-

ease are also mediated by circulating lymphoid
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cells. The mixed leukocyte culture reaction

(MLC) is observed when leukocytes of one individual
are cultured with those of another under specified
culture conditions (319). After 4 to 5 days in
culture, numerous blast cells appear, the number

of which can be correlated to the degree of genetic
non-identity of the donors of the white cells (319-
325). Nisbet et al (326) and Simonsen (231, 232,
327) have demonstrated that circulating lymphoid
cells can induce graft-versus-host reaction in the
chick embryo. Brunet and Boyer (330), Simons and
FPowler (331), Szenbert et al (332) and Coppleson
and Michie (333) have observed that circulating
lymphoid cells can induce the graft-versus-host
reaction in the chick chorioallantoic membrane.
Saleh et al (334) and Gordon et al (335) have also
demonstrated, using a modification of the Elkin
model (237), that circulating leukocytes can induce
the GVH reaction if injected under the kidney
capsule in cyclophosphamide-treated rats. The
blastogenic response of circulating lymphoid

cells to phytohemagglutinin (PHA) is also con-
sidered to represent an index of cellular, rather
than humoral, immunity (199, 297, 336, 338, 339).

Notwithstanding the above demonstrations of the
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cell-mediated immune capacity of the virgin circu-
lating lymphocyte, it is of more than academic in-
terest to note that the virgin immunocompetent
cells mediating the humoral immune response are
not normally found in the circulation but are
localized to specific lymphoid organs, the thymus
(antigen-reactive cells) (248, 252-255) and bone
marrow (antibody-forming cells (248, 252-255) in
the mouse and bone marrow (antigen-reactive cells)
(50, 68, 248) in the rabbit. The organ source of
the virgin antibody-forming cell in the rabbit has
not as yet been elucidated. However, one may spec-
ulate as to its source. In the rat and mouse, evi-
dence has been presented demonstrating the bone
marrow origin of the AFC (248, 252-255) and the
cells mediating the delayed skin reaction (248,
340, 341) and the graft-versus-host reaction (248,
342) . Since the SAPP organs appear to be the
sources of the virgin cells mediating the CMI react-
ion in the rabbit, might not these same organs con-
stitute the sources of the virgin AFCs? A number
of investigations (9, 250, 343) have demonstrated

a definite role for the SAPP organs in the humoral
immune response in the rabbit. Extirpation of

these organs in the neonatal state or in the adult
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state followed by irradiation resulted in a
marked inhibition of humoral antibody formation
when the rabbit was immunized at a later date.
Our findings indicate that cells of only a
single organ-appendix, sacculus rotundus or
Peyer's patches, are capable of inducing the
GVH reaction in a wholly in vitro system. These
effector cells are also identified in equivalent
numbers in the circulation. Thus, the SAPP organs
may function in the rabbit in a manner analogous
to the bone marrow in the rat and mouse, that is,
to provide a source of both the virgin afcs mediat-
ing the humoral immune response and the effector
cells mediating the cellular immune response.
Whether this virgin pncommitted effector
cell is a short-lived or long-lived lymphoid cell
is not known at the present time. McGregor et al
(344) have recently demonstrated that the immuno-
logically committed (immune) effector does not
recirculate via the thoracic duct lymph and is
short lived whereas the virgin presumable unstim-
ulated effector cell recirculates repeatedly from
blood lymph and potentially has a long life span
(344).
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The organ source of the virgin effector
cells mediating the cellular immune reaction has
not yet been unequivocally elucidated. Further-
more, the studies which have been conducted to
clarify this problem have been limited to only
mice and rats. Willard and Smith (345) described
a technique used to determine the organ source of
effector cells which was based on rejection of
the erythropoietic component of homografted bone
marrow by transplanted isologous cells in an ir-
radiated recipient mouse. The degree of erythro-
poiesis was determined by the extent of uptake of
Fe59 by the spleen 7 days after the homotransplant
and allograft. The circulating leukocytes were by
far the most effective cells in their ability to
reject grafted bone marrow. Lymph node and spleen
cells exhibited about 50 per cent of the leukocyte
activity, while peritoneal fluid cells, marrow
cells and thymus cells showed almost no activity.
The authors speculated that GVH activity of the
marrow cells could have been masked by the pro-
liferation of erythropoietic cells of the homo-
logous and isologous marrow. Lonai and Feldman

(346) sensitized rat lymphocytes on C3H mouse
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fibroblast monolayers and then tested the lytic
effect of these cells against C3H cells. As ob-
served by Willard and Smith (345), Lonai and Feldman
(346) also reported that thymus cells manifested
very low lytic activity while the spleen and es-
pecially the lymph node cells manifested substantial
activity. However, they did not test the cells of
any of the other lymphoid organs. Celada and Carter
(347) also demonstrated that spleen cells can me-
diate a GVH reaction but no attempt was made to
compare the spleen cells with those of the other
lymphoid organs for GVE activity. They also ob-
served that the GVH activity was much more resist-
ant to irradiation than was the antibody-forming
mechanism (347) and suggested that the capacity

to participate in or mediate these two types of
immune responses may be attributed to two different
somatic cell lines or differentiation states. Our
data (Table XVII) support this thesis since 1200r
whole body irradiation could totally inhibit the
humoral immune response although lymphoid cells

of these animals exhibit normal GVH activity in

in vitro culture. Coppleson and Michie (333) re-
ported that incubation of the chorioallantoic mem-
brane of a developing chick embryo with iiving

adult chick leukocytes developed white focal lesions
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within a few days. These lesions are considered
to be an expression of the GVH reaction. However,
here again, cells of only one source, tﬁe circu-
lation, were tested for GVH activity.

A number of investigators have reported
the induction of the GVH reaction using a combi-
nation of bone marrow and thymus cells where neither
cell suspension by itself could induce the GVH
reaction (348-350). It has been speculated that
the role of the thymus cell is to recognize and in-
teract with the allogeneic antigen while that of
the bone marrow cell is non-specific or non-immuno-
logic, confined to a proliferative response (348,
349). Notwithstanding these reports, Stuttman and
Good (275) were unable to demonstrate a thymus-
bone marrow synergism in the GVH reactions. Cantor
and Asofsky (70) have observed a synergism between
spleen cell or lymph node cells combined with thymus
cells in the induction of the GVH reaction. However,
it is important to note that SAPP organs or cir-
culating cells were not investigated for their GVH
activity in any of the studies enumerated above.

The only investigation which conferred a

role in cell-mediated immunity to the SAPP organs
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is that of Jacobson et al (351). They observed
that mice which had been irradiated with one
Peyer's patch shielded were as capable of reject-
ing homologous bone marrow grafts as were sham-
operated mice. They also observed that applying
supralethal irradiation to the previously shielded
Peyer's patch within 10 minutes after the whole
body irradiation nevertheless resulted in reject-
ion of the homografted marrow, thus demonstrating
the rapid emigration of cells from the Peyer's
patch into the circulation, presumably to repopu-
late the peripheral lymphoid organs.

On the other hand, it is interesting to
note that bone marrow-derived cells constitute the
majority of the cells infiltrating a skin site in
which a delayed hypersensitivity skin reaction has
been induced (341, 352, 353). These results suggest
that the effector cells reside preferentially in
the bone marrow. Since the reconstitution of the
capacity to give a cell-mediated response has been
shown by a number of investigators to involve the
participation of both thymus-derived and bone marrow-
derived cells (348-350), it may be that the functior
of the thymus cell is that of recognition of, and

interaction with, the antigen (9, 349, 350). A
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product released from the cell following this
interaction (information?) would then act on the
virgin competent uncommitted bone marrow effector
cell to transform it into an actively sensitized
committed effector cell, capable of infiltrating
sites in the skin of the sensitized animal chal-
lenged with the antigen.

Can the effector cells be detected by
other than GVH reactions in vitro? It has been
speculated that the degree of the in vitro blast-
ogenic response of the lymphocytes to phytohemagglu-
tinin (PHA) and allogenéic leukocytes may serve as
a barometer of the numbers of cells capable of par-
ticipating in cellular immune reactions (199, 297,
336, 338, 339). However, the relationship between
the blastogenic response to mitogens in vitro and
the capacity to give a GVH reaction is not at all
clear-cut insofar as the rabbit is concerned. It
has been demonstrated that cells of all the lymph-
0id organs are capable of reacting to stimulation
with PHA, with the greatest response given by the
cells of the sacculus rotundus (297). The appendix
and sacculus rotundus cells gave good responses

when stimulated with xenogeneic and allogeneic
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leukocytes (297). However, the greatest response ‘
was obtained with lymph node cells, although it
may be significant that thymus and bone marrow
cells gave only negligible responses (297). Some-
what unexpected, however, is the rather close
relationship observed between the blastogenic res-
ponse of the lymphoid cells to GARIG (Goat anti-
rabbit immunoglobulin serum) (297) and their capa-
city to mediate the GVH reaction. The greatest
blastogenic responses were given by sacculus ro-
tundus, appendix and circulating lymphocytes. Much
lesser responses were obtained with spleen and
lymph node cells and negligible responses were ob-
tained with thymus and bone marrow cells (297).
Pever's patches cells were not tested. These data,
in concert with the data presented here, suggest
that the cells mediating the GVH reaction or any
other reaction of cellular immunity possess immuno-
globulin recognition sites of their surfaces. 1In
fact, Greaves et al (354) have unequivocally de-
monstrated that human lymphocytes treated with anti-
light chain antiserum (rabbit) were sharply depress-
ed in their capacity to give a Blastogenic response
when stimulated with allogeneic leukocytes (the

mixed lymphocyte reaction) or with PPD. They con-
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cluded that immunoglobulin light chains probably
form parts of the antigen receptor sites for the ini-
tiation of cell-mediated immune reactions. The
studies by Mason and Warner (355) confirm those
referred to above (354) in that they demonstrated
that pre-treatment of normal adult méuse spleen
cells or peritoneal exudate cells of a sensitized
mouse with antiserum to light chains dramatically
suppressed the'ability of these cells to induce

the GVH reaction and the tfansfer of delayed hyper-
sensitivity, respectively. Anti-heavy chain serum
did not suppress the immunologic capacity of these
cells, suggesting that antigen recognition as it
relates to cellular immunity involves an immuno-
globulin light chain bound to the surface of the
cell (355). Davie and Paul (356) have also present-
ed evidence of the existence of immunoglobulin re-
ceptor sites on cells mediating the cellular immune
response. Ramseier and Lindeman (357) have presented
direct evidence in favour of immunoglobulin recogni-
tion sites on effector cells. They injected adult
F, hybrid animals with lymphoid cells from one of
the parental strains. The antisera obtained were
capable of specifically inhibiting recognition by

cells of the parent of transplantation antigens of
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the other parent present on the Fy hybrid cell.
Recognition of and interaction with other unrelat-—
ed cells wasAnot affected by pretreatment of the
cells with the antiserum. The authors concluded
that F, hybrids can form antibodies against re-
cognition structures on syngeneic cells which
they specifically lacked (357).

It has also been demonstrated that the
virgin immunocompetent cells which participate
in the induction of the primary humoral immune
response (the ARC and/or the AFC) also possess
immunoglobulin-like antigen recognition sites on
their surfaces (284, 358-365) and that these sites
are probably composed of light chains as well (360,
362) . One may therefore conclude that the virgin
immunocompetent cells mediating humoral and cellular
immunity both possess immunoglobulin recognition
sites on their surfaces through which they interact
with the antigen. These sites are probably present
on lymphoid cells arising from two different cell
lines, one thymus derived and the other bursal-
derived. It has been observed that the cells which
respond to stimulation with phytohemagglutinin (PHA)

(339, 366-369) and those capable of mediating the
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GVH reaction (271, 370-372) are thymus derived
whereas those cells which participate in humoral
antibody formation are bursal derived (373).
Whether or not an antibody-mediated or cell-me-
Giated immune response will- ensue following immu-
nization will therefore depend, not so much on the
interaction of an immunocompeteﬁt cell with the
antigen by means of a recognition site but on
whether a second cell type, the AFC, is recfuited
by the immune cell pathway activated (318). 1In
cellular immunity, it is postulated that no inform-
ation is transferred from thé antigen reactive
cell (ARC) ; rather, it undergoes transformation
and/or proliferation into sensitized or committed
effector cells (318), which are capable of mediating
the delayed hypersensitivity skin reaction in vivo
and of releasing the migration inhibitory factor
(MIF) if stimulated by antigen in vitrc (283). 1In
the ease of humoral immunity, it is postulated that
information is transferred from the ARC, following
its interaction with the antigen, to the virgin,
pluripotential uncommitted AFC, which then transforms
and proliferates giving rise to antibody-forming,

unipotent, committed AFCs (267, 284, 318).
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Since the virgin AFC (9, 250, 343) and
the virgin effector cells participating in humoral
and cellular immunity, respectively, both gppear to
originate in one or more of the SAPP organs would
result in the loss of ability to elicit humoral
and cellular immune responses. Extirpation of the
SAPP organs in the neonate or the young rabbit
combined with irradiation does, in fact, result in
inhibition of the capacity to give a humoral immune
response (9, 250, 343). However, extirpation of
the SAPP organs in the adult rabbit without ensuing
ir;adiation does not affect the capacity to synthe-
size humoral antibody in the primary immune response
(374) , suggesting that the virgin AFCs had vacated
the SAPP organs in the immediate neonatal period'
and infiltrate, reside and proliferate in the peri-
pheral lymphoid organs as SAPP-derived cells‘(374).
FPurthermore, Cooper et al (9) observed that the
delayed skin reaction and homograft rejection could
still be obtained in rabbits which had been sensitized
with tuberculin in complete Freund's adjuvant or been
given a skin homograft subsequent to extirpation of
the SAPP organs. Since nothing is known about the

number of sensitized cells required to mediate the



(207)

delayed hypersensitivity reaction, it is possible
that the SAPP-derived effector cells in the spleen

and lymph nodes of the SAPPed rabbit may suffice.

In summary, it has been demonstrated that
the gastro-intestinal-associated lymphoid organs -
the sacculus rotundus, appendix, and Peyer's patches
(SAPP) , possess cells capable of reacting with allo-
geneic cells in culture. Allogeneic memory spleen
cells capable of giving rise to plaque-forming cells
in vitro were used as the target cells for these
effector cells. The circulating lymphocytes exhibit-
ed the same degree of effector activity, the spleen
and lymph node much less and the bone marrow and
thymus could not at all inhibit the generation of
PFC from allogeneic memory spleen cells in culture.
In fact, the bone marrow cells, whether autologous
or homologous, facilitated a much greater PFC res-
ponse than normally observed in cultures of only
spleen memory cells. The reaction observed has been
shown to be cell-mediated and not humoral-mediated.
Whether or not this cell-mediated reaction in vitro
may serve as an indicator of the capacity of cells

to mediate a graft-versus-host reaction remains
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to be determined.
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SAPP_ORGANS

ENTERIC
BACTERIA

Peyer's patches Sac.rotundus Appené_

(exogenous  AG conc.
and/or endogenous)

FIGURE 6. MIGRATION PATHWAYS OF THE IMMUNOCOMPETENT
CELLS IN THE NORMAL RABBIT FOLLOWING STIM-

ULATION WITH THRESHOLD ANTIGEN (SRBC).
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SAPP ORGANS
Enterobacteria

MIGRATION PATHWAYS AND SITES OF MATURATION

OF IMMUNOCOMPETENT CELLS IN ABSENCE OF CIR-
CULATING THRESHOLD CONCENTRATION OF ANTIGEN
(SRBC) IN THE RABBIT. THRESHOLD CONCENTRATION

OF AG IN SAPP ORGANS ONLY.
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THYMUS and/or
BONE MARROW and/or
SPLEEN and/or

SAPP organs

! Hormonal function ?

| Provide precursor of
v virgin effector cells ?

VIRGIN INCOMPETENT
EFFECTOR CELLS

Mature

SAPP ORGANS
(Appendix, Sacculus
rotundus and .

FIGURE 8.

U
VIRGIN COMPETENT | "¥ers patches)

EFFECTOR CELLS

EFFECTOR
CELLS

THE ORGAN SOURCE OF THE VIRGIN IMMUNO-
COMPETENT EFFECTOR CELLS MEDIATING THE

CELLULAR IMMUNE REACTION.

A SCHEMATIC REPRESENTATION,
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TABLE XXVI

EVIDENCE IN FAVOUR OF THE NON-HUMORAL NATURE OF THE

INHIBITION IN VITRO OF THE HOMOLOGOUS PLAQUE-FORMING

CELL (PFC) RESPONSE BY APPENDIX, SACCULUS ROTUNDUS

AND PEYER"S PATCHES LYMPHOCYTES (SAPP CELLS) AND

CIRCULATING LEUKOCYTES (WBC).

Properties characteristic of
. s

1 Mach

Properties characteristic of the Inhibition
of The Homologous PFC Response in Vitro
by SAPP Cells and Circulating WBC

. Complement is required for the

lysis of cells by antibody.

The primary humoral immune response is
inhibited in rabbits subjected to 800r
whole body irradiation prior to antigen
administration.

The bone marrow ARC cell is required
for the induction of the primary res-
ponse in vivo.

Spleen cells from previously immunized
rabbits give rise to plaque-forming
cells following antigenic stimulation

in vitro.

. SAPP cells and WBC do not

participate in humoral response
in vitro.

. Time required in culture to

elicit optimal
(o) secondary PFC response - 6-8 days
(&) secondary i p

(synthesis and relecse of antibody)

1018 days.

Spleen cells of memory rabbit sub-
jected to 1200r whole-body irradia-
tion cannot give a PFC response in
culture.

Antibodies can be detected and
identified.

Complement is not required for this reaction.

This reaction occurs equally well with SAPP
cells and WBC cbtained from either normal
or 800r-irradicted rabbits.

Bone marrow cells are not required nor are
they effective.

Spleen cells are not required nor are they
effective.

SAPP cells and WBC are the only iymphoid cells
which are effective.

Time required in culture to inhibit
homologous PFC response - 4 days or less.

Appendix and circulating cells of rabbit
subjected to 1200r whole-body irradiation
retain ity to inhibit homologous PFC
response in vitro.

No antibodies can be detected in super=
natants of cultures of memory spleen and
homologous SAPP cells or WBC.



(213)

CHAPTER SEVEN

SUMMARY AND CONCLUSIONS

Experiments were carried out to determine
the optimal conditions for the induction of a secon-
dary immune response in vitro. Rabbits immunized
with sheep red blood cells (SRBC) three to six months
prior to sacrifice (memory rabbits) were used as a source
of lymphoid cells. Cell suspensions prepared from the
spleen, bone marrow, thymus, popliteal lymph nodes, cir-
culating WBC, sacculus rotundus, appendix and Peyer's
patches were cultured in vitro with SRBC using a va-
riety of commercially available media as culture sol-
utions.

Optimal conditions for the successful in-
duction of a secondary immune response to SRBC in
vitro were determined. Only the spleen cells obtained
from the memory rabbits could generate hemolytic pla-
que~-forming cells (PFCs) following in vitro stimulation,
with an optimal response observed at 6 - 8 days follow-
wing initiation of culture. Two media, Joklick and
CMRL-1066, consistantly facilitated maximum immune res-
ponsiveness in vitro, using a gaseous phase of 5 percent

COy, 18 percent Oy and 77 percent Nz. A very low or
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no response was obtained unless the cultures were
maintained on a roéker platform and rocked at 6 - 7
complete cycles per minute for the duration of culture.
The addition of hydrocortisone or L-asparagine consi-
derably inhibited the PFC response of the memory spleen
cells. The PFC response was found to be specific in
the sense that no response in vitro could be initiated
if the memory spleen cells were cultured with a non-
cross reacting antigen, horse red blood cells. Sheep
red blood cell sonicates and stroma failed to induce

a response in vitro.

Attempts were made to induce a primary res-
ponse in vitro with the different lymphoid cells of
normal rabbits. Only six out of sixteen experiments
were successfull in this regard. In three such ex-
periments, spleen cells elicited a low grade PFC res-
ponse. 1In three other experiments mixed cultures of
spleen and appendix cells or spleen and bone marrow
cells gave very strong PFC responses after four days
in culture. No other combinations of lymphoid cells
in culture gave any positive response.

Rabbits were immunized with SRBC and sa-
crificed at varying intervals of time. Cell sus-
pensions of their lymphoid organs were prepared and

analyzed for their content of PFCs immediately follow-
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ing sacrifice while other aliquots of the same cell
suspensions were cultured for four days in vitro in
the presence of SRBC and then analyzed for their
content of PFCs. None of the lymphoid organs pos-
sessed any PFCs prior to day 4 after in vivo immu-
nization when tested immediately following sacrifice.
However, when cultured in vitro, only the Peyer's
patches cells obtained from rabbits sacrificed 1 to

2 days following in vivo immunization were capable

of giving rise to PFCs.0f the organs obtained from
rabbits sacrificed 4 to 7 days following immunization,
only the spleen possessed cells which gave rise to
PFCs when tested immediately after sacrifice and after
4 days in culture. It is concluded that the cells de-
tected initially in the Peyer's patches are probably
immature committed AFCs, since they must mature in
culture in the presence of antigen before they are ca-
pable of giving rise to a PFC response whereas the
spleen harbours active antibody producing cells by 3
to 4 days following in vivo immunization. The results
presented tend to support the view that the Peyer's
patches may act as organs of transit and/or as sites
of maturation for the stimulated AFC. It is postulat-
ed that the antigen stimulated AFCs mature in the Peyer's

patches for 1 to 2 days following which they migrate to
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the spleen where their period of maturation terminates
and they transform into overt PFCs and antibody syn-
thesizing cells.

Spleen cells of a memory rabbit (ex. white
rabbit) were cultured with SRBC with or without the
addition of homologous (ie black rabbit) lymphoid
cells, It was demonstrated that the gastro-intestinal
associated lymphoid organs - the sacculus rotundus,
appendix and Peyer's patches, =~ possess effector cells
capable of reacting with the allogeneic memory cells
in culture on the basis of their capacity to inhibit
the generation of PFCs from the memory spleen cells.
The circulating lymphocytes exhibited the same degree
of effector activity, the spleen and lymph node much
less whereas the bone marrow and thymus could not at
all inhibit the generation of PFC from allogeneic
memory spleen cells in culture. The reaction observed
has been shown to be cell-mediated and not humoral-
mediated. The effector cells were found to be radio-
resistant up to a dose of 1200R total body irradiation
of the effector cell donor. Exposure of effector cells
to 4,000R irradiation in vitro markedly decreased their
capacity to inhibit the generation of PFCs from the

memory spleen cells. The reaction could only be med-
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iated by viable cells. The effector cells constitute
a constant proportion of the cells in each of the
four cell preparations which manifest inhibitory ac-
tivity since the cells of each of these organs dis-
played similar reactivity when tested in equal num-
bers. Supernatants from PFC-inhibited cultures were
tested to determine the presence of humoral factors
which might be responsible for this inhibition. No
antibodies directed toward the memory spleen lymphoid
cells could be detected in these supernatants. In
addition, these supernatants exhibited no cytotoxic
activity toward the memory spleen cells even in the
presence of complement. The presence of anti-SRBC
has been ruled out as a factor leading to the in vitro
inhibition of PFCs by memory spleen cells. These re-
sults strongly suggest that the reaction observed is
a cell mediated one.

Preliminary experiments were carried out
to determine the in vivo migration pathway(s) of the
effector cells. Rabbits were immunized with appendix
cells of the prospective memory rabbit and were sa-~
crificed at intervals of time thereafter. The cells
of the different lymphoid organs were then cultured

with spleen cells of the memory rabbit and sheep red
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blood cells. It was observed that the sacculus ro-
tundus, appendix and Peyer‘s patches cells were devoid
of PFC inhibitory activity or displayed minimal acti-
vity if obtained from rabbits 4 days following immu-
nization with the allogeneic appendix cells. On the
other hand the thymic cells displayed marked activity.
The situation with respect to the organ localization
of effector cells appeared to return to normal after

day 17 post-immunization.
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CHAPTER EIGHT

CLAIMS TO ORIGINALITY

A secondary immune response could be
initiated in vitro with spleen cells of pre-
viously immunized (memory) rabbits. None of
the other lymphoid organs of the memory rabbit
possessed this capacity.

It was demonstrated that the media and
gaseous phase which facilitated the optimal
induction of the secondary immune response
in vitro are different from those which are
generally used in similar experiments with
mouse cells.

In the instances were a primary immune
response was obtained in vitro with cells of
normal rabbits the media which facilitated
the induction of such a response were differ-
ent from those used to induce a secondary im-
mune response in vitro.

It was demonstrated that the Peyer's
patches constitute either the organ of origin
and/or the organ of transit and/or the organ
of maturation of the antibody forming cell

(AFC) directed to SRBC as antigen.
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Following immunization with SRBC im~-
mature AFCs or their precursors could be de-
tected in the Peyer's patches before they
could be detected in any of the other lymph-
oid organs.

It was demonstrated that circulating lymph-
oid cells as well as cells obtained from gastro-
intestinal lymphoid organs - sacculus rotundus,
appendix and Peyer's patches - possess the ca-
pacity to inhibit the secondary immune response
of memory spleen cells in culture. Cells pos-
sessing this type of inhibitory activity are
referred to as effector cells. Cells of thymus
and bone marrow did not appear to contain any
effector cells whereas the spleen and lymph
nodes contained small numbers of these cells.

It was demonstrated that the inhibition
by SAPP cells and circulating lymphocytes, of
the generation of PFCs by memory spleen cells
in vitro is a cell mediated and not a humoral-
mediated reaction.

It was demonstrated that the radio-
sensitivity of the effector cell differed from

that of the memory cell.
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It was demonstrated that the effector
cell vacates the sacculus rotundus, appendix
and Peyer's patches and homes into the thymus
by four days following in vivo stimulation
with allogeneic lymphoid cells. During the
next 12 days the cells leave the thymus and
return to the original organs of origin. This
migration pathway of the effector cell is
therefore different from that of the antibody

forming cell.
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