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ab i 1 i ty to d i scrim i nate between se 1 f and non-se 1 f anti gens. The antigen 
recognition on B cells is achieved by lg molecules, receptors, present 
on the eel 1 surface of mature B eel ls. After a~tigenic stimulation, B 
eel ls can differentiate into plasma eel ls. Plasma eel ls secrete lg with 
specificity identical to the specificity of the antigen receptor of 
their B cell progenitor. T cells can enhance the proliferation and dif
ferentiation of B eel ls into antibody-secreting plasma cells. These T 
cells are cal led helper T eel ls. Helper T cells can also mediate cellu
lar immune responses (e.g., delayed type hypersensivity reactions and 
killing of bacteria and parasites growing intracellularly). In addi
tion to these helper T cells, there are other T cells ~tJhich are respon
sible for cellular immune responses: the killer T cells. Killer T cells 
lyse foreign antigenic eel ls (e.g., virus infected eel ls, organ and 
tissue grafts). Finally, suppressor T eel ls are able to suppress both 
humoral and eel lular immune responses. 

Another important feature of the immune system, besides the spe
cificity of its responses, is the capacity of carrying memory. After 
primary antigen"1c stimulation effector cells are induced, which mediate 
the immune functions. These effector cells are mostly short-lived, end
stage eel ls. Among the progeny of activated lymphocytes are also cells 
which are long- I ived, and which retain the capacity of being (re)stimu
lated by the original antigen. They cause the much faster and more vigor
ous immune response which is induced after the second contact with the 
same antigen. The memory lymphocytes largely determine the effectiveness 
of vaccination procedures against infectious agents, i.e., the protec
tion against infectious diseases obtained by vaccination is mainly 
dependent upon the quality and quantity of the memory lymphocytes. 

BandT eel Is exercise their effector function mainly within the 
spleen, lymph nodes, gut-associated lymphoid tissue, and bronchus-asso
ciated lymphoid tissue. The major immunological function of these 
organs is to remove antigens from the bloodstream and the intercellular 
spaces, to concentrate, and to present them to the lymphocytes. The 
peripheral lymphoid organs are provided with both accessory cells and 
the appropriate tissue architecture needed to fulfill these tasks. 
After contact with the antigen, thus processed, T and B lymphocytes 
differentiate and pro] iferate into antigen-specific effector T cells 
and antibody-forming eel ls, respectively. 

After primary immunization the antibody-forming cells are mainly 
localized in the peripheral lymphoid organs. However, after the second 
contact of lymphocytes with the antigen the localization of antibody
forming cells is not confined to the peripheral lymphoid organs, but 
they also occur in the BM (Benner et al., 1974a). In fact, after the 
first week of secondary type responses the BM is the major site of lo
calization of antibody-forming cells. The purpose of the studies de
scribed in this thesis has been to elucidate the mechanism underlying 
antibody formation in the BM. 

In the next chapter some characteristics of the immune system 
which are important for a better understanding of the subsequent chap
ters will be summarized. In the outline the mouse is in the limelight 
because the experiments described in Chapter 4 and the Appendix papers 
are almost exclusively performed with mice. Chapter 3 reviews the 1 it
erature about the occurrence of immunological effector cells within the 
BM. 
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2. STRUCTURE OF THE Il.JMUNE SYSTEM 

2.1. Introduction 

The immune system consists of different lymphoid tissues dispersed 
throughout the body. These tissues do not stand isolated, but are func
tionally interrelated and physically united by the blood and lymphatic 
vessels into one functional system. Lymphocytes populating the lymphoid 
system are able to move from one organ to the other through the blood 
and lymphatic vessels. Two sorts of lymphoid organs can be distin
guished according to their main function (Miller and Davies, 1964): the 
primary or central lymphoid organs which are the breeding sites of lym
phoid eel ls, and the secondary or peripheral lymphoid organs, which are 
mainly engaged in the induction of the immune response. This subdivi
sion of the lymphoid system will be used to review briefly some fea
tures which are important for a better understanding of the experiments 
described in Chapter 4 and the Appendix papers. 

2.2. Central or primary lymphoid organs 

The central lymphoid organs include the BM, which is present in 
amphibia and all higher vertebrates, the thymus, which is present in 
almost all vertebrates with the exception of cyclostomi, and the bursa 
of Fabricius, which is found in birds only. Besides their difference in 
function, central and peripheral lymphoid organs also have a different 
microarchitectural structure. The thymus and bursa of Fabricius are 
lympho-epithel ial organs. In thymus and bursa the epithelial cells are 
predominantly derived from endoderm. The mesenchymal component of both 
organs originates from different embryonic tissues: the mesenchyme of 
the thymus arises from ectomesenchyme, i.e. ectoderm, while the mesen
chyme of the bursa is derived from mesoderm (Douarin, 1977). The lym
phoid cells present in both organs are derived from blood-borne stem 
cells. Neither thymic nor bursal epithelium and mesenchyme can give 
rise to lymphoid eel ls. The microenvironment formed by epithelial eel ls 
is supposed to support the extensive proliferation and differentiation 
of lymphocytes which takes place within these organs. 

2.2.1. Bone marrow 
(n adults the BM is the major localization of the pluripotent hae

mopoietic stem eel ls (HSC). The HSC have the capacity of self-renewal. 
Moreover, they are able to generate blood eel ls of the erythroid, mye
loid, megakaryoid, and lymphoid series. The BM is the major site of 
generation of immunocompetent virgin B lymphocytes (Phillips et al., 
1977). Large lymphoid eel ls, which contain cytoplasmic~ chains (c-~+), 
putatively form the first detectable stage of B eel 1 differentiation in 
mice (Raff et al., 1976; Owen, 1979; Levitt and Cooper, 1980; Osmond 
et al., 1981). These c-~+ eel ls do not show expression of lgM on the 
eel 1 surface. Many of the c-~+ eel ls are cycling cells (Owen et al., 
1977a, 1977b; Cooper and Lawton, 1979; Rusthoven and Ph ill ips, 1980). 
They give rise to smal 1 c-~+ lymphocytes. These small c-~+ lymphocytes 
subsequently start to express lgM molecules on the eel 1 surface (s-lgM) 
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without apparent further eel 1 proliferation (Melchers and Andersson, 
1973). Along with an increasing density of s-!gM, !a antigen and a 
receptor for the Fe portion of the lgG molecule (FeR) appear on the 
surface of the immature B lymphocytes (Osmond and Rahal, 1978; Chan 
and Osmond, 1979). Only after a lag period, a receptor for the C3 com
ponent of the complement system (CR) and lgD molecules appear on the 
cell surface (s-lgD) (Yang et al., 1978; Chan and Osmond, 1979). With
in the BM mature B cells with low density s-!gO (Lala et al., 1979) 
occur, whereas lymphocytes with a high density of s-lgD are present in 
the spleen and the lymph nodes. There is evidence that during receptor 
maturation, B eel ls migrate from the BM via the bloodstream to the red 
pulp and subsequently to the white pulp of the spleen (Osmond, 1975; 
Yoshida and Osmond, 1978). Especially, the follicles in the spleen form 
the sites of B eel 1 accumulation (Martin and Leslie, 1977). The matu
ration of B lymphocytes is thought to be completed during the migration 
of B cells into the splenic white pulp (Yoshida and Osmond, 1978; 
Osmond, 1980). It should be noted that the ontogeny of B lymphocytes as 
described above, is mainly based upon evidence obtained from experiments 
on heterogeneous cell population. Therefore, the existence of other 
differentiation pathways of B lymphocytes cannot be definitely exclu
ded. However, a similar differentiation pathway forB lymphocytes is 
obtained by analysis of surface markers on leukaemic eel ls of patients 
with different subtypes of acute lymphoblastic leukaemia (ALL). For 
this purpose one has to assume that, in a given patient, ALL results 
from pro] iferation of a single eel J arrested at a certain stage of 
differentiation, and that the surface markers of the leukaemic cells 
are identical to the ones present on that single cell (Greaves and 
Janossy, 1978; reviewed by Foon et al., 1980). 

The regulation of the lymphocyte production in the BM is essen
tially unknown. Thymic humoral factors or T lymphocytes do not influence 
the lymphocyte production, since the same rapid turnover of lymphocytes 
is found in the BM of neonatally thymectomized mice, congenitally a
thymic nude mice, and thymus-bearing control m"1ce (Osmond and Nossal, 
1974; Osmond et al., 1981). In mice which are repeatedly injected with 
anti-lgM serum from birth, s-lgM+ lymphocytes fail to develop. More
over, in mice thus treated, circulating lgM is absent and the serum 
levels of other lg except of lgG1 depressed (Lawton and Cooper, 1974), 
which also indicates that the B lymphocyte population is highly defi
cient in these mice (Cooper and Lawton, 1979; Osmond and Gordon, 1979). 
However, a normal production rate of small lymphocytes is found in the 
marrow of the anti-lgM suppressed mice (Osmond et al., 1981). Thus, the 
marrO\-J small lymphocyte production rate seems to be independent of feed
back control by the mature B lymphocytes and their products. In mice 
reared under sterile conditions, the incidence of small lymphocytes and 
s-lgM+ lymphocytes in the BM is normal (Osmond and Nossal, 1974). In 
contrast, the production rate is markedly reduced as compared to that 
in conventionally reared controls. Exogenous antigenic stimuli can tem
porally enhance the marrow lymphocyte production in normal mice as well 
as in T eel ]-deprived mice and anti-lgM suppressed mice. Moreover, a 
similar increase in marrow lymphocyte genesis is induced by nonimmuno
genic irritants (e.g., mineral oil) (Osmond et al., 1981). All these 
findings suggest that the actual marrow lymphocytopoiesis is the con
sequence of two regulating factors: (a) the regulation by local (micro-
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environmental?) factors, which cause a 1 basal level 1 lymphocytopoiesis, 
and (b) the regulation by exogenous stimuli which can amplify the pro
duction rate. 

By criteria of c-~+ and s-lgM, 80% of the smal 1 lymphocytes in the 
BM of young adult mice are of the B cell 1 ineage. Most of these cells 
are recently generated from large lymphoid eel ls termed transitional 
eel Is (reviewed by Rosse, 1976). Approximately 12% of the marrow small 
lymphocytes have neither B nor T eel 1 markers and are therefore fre
quently indicated as 1 null 1 cells. Probably these 1 null 1 cells form a 
heterogeneous population consisting of functionally unrelated eel ls. 
Some of the 1 null 1 cells may represent precursor cells committed to 
the T cell 1 ineage. 

The BM of adult mammals contains a population of eel Is capable of 
maturing toT cells in the thymus (Ford et al., 1966). These pre-thymic 
(pre-T) cells are characterized by their capability of repopulating the 
thymus of an irradiated host (Kadish and Basch, 1976; Basch and Kadish, 
1977), of expressing T cell markers (Bach, 1971; Komura and Boyse, 1973), 
and of expressing the enzyme terminal deoxynucleotidyl transferase 
(Pazimo et al., 1978). Furthermore, pre-T cells are able to differenti
ate into functional T cells (Gorzynsky and MacRae, 1979a, 1979b) after 
in vitro exposure to thymus derived humoral factors, thymic extracts, 
or mitogens, i.e., phytohaemagglutinin (PHA) and Concanavalin A (Con A) 
(Cohen et al., 1975; Press et al., 1977). The pre-T eel Is can be sepa
rated from both the HSC and mature T cells in the BM on the basis of 
the average eel 1 density (El-Arini and Osaba, 1973; Basch and Kadish, 
1977). These latter results, however, have been challenged by Boersma et 
al. (1981), who were unable to segregate pre-T cells, HSC, and mature T 
cells according to buoyant density, velocity sedimentation, and eel J 
surface charge. The pre-T cells, which are the responsive cells in the 
above mentioned assays, are generated independent of the presence of 
the thymus, because they occur in BM and spleen of neonatally thymecto
mized (ROpke, 1977a, 1977b) and congenitally athymic mice (Scheid, 1975; 
Roelants et al., 1976; ROpke, 1977b). The PHA responsive cells, also 
belonging to the pre-T cell pool, are mainly rapidly renewing eel ls 
(Press and Rosse, 1978). 

The fate of most of the rapidly renewing pre-T eel Is produced in 
the BM is not known. Only a few of these pre-T cells have been shown to 
migrate to the thymus according to local marrow label 1 ing experiments 
(Brahim and Osmond, 1970; Parrott and de Sousa, 1971; Basch and Kadish, 
1977; Yoshida and Osmond, 1978). Migration of BM cells to the thymus 
has been demonstrated using chromosome markers (Ford et al., 1966) and 
recently by an in vivo homing assay of fluorescence label led BM eel ls 
(Lepault and Weissman, 1981). The BM cells express the Thy-1 antigen in 
the thymus within 3 hours after reconstitution of irradiated mice. This 
finding correlates wel 1 with the Thy-1 antigen expression induced by 
mitogen in vitro (Cohen and Patterson, 1975). 

2.2.2. Thymus 
The thymus is crucial to the development of functional T lympho

cytes (Miller and Osoba, 1967). Within the thymus, immature immune-in
competent pre-T eel ls, which seed in from the BM, proliferate and dif
ferentiate into mature immunocompetent T lymphocytes. These T lympho
cytes eventually emigrate to the peripheral lymphoid organs (reviewed 
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by Cantor and Weissman, 1976; Stutman, 1978). 
From a histological point of view the thymus can roughly be divid

ed into the cortex and the medulla. In most staining procedures the 
cortex is stained more intensively than the medulla, due to the higher 
concentration of lymphocytes in the cortex. The lymphocytes in the 
thymus are held together by a sessile matrix of specialized epithelium 
and connective tissue (Clark, 1973). In the cortex extensive prol ifera
tion takes place particularly in the more superficial layers. Label 1 ing 
experiments show that DNA synthesis in the thymus is mainly confined 
to the medium and large lymphocytes. These cells are predominantly 
localized in the outer cortex (Metcalf, 1966; Weissman, 1973). Small 
thymocytes are not labelled. Nevertheless, label led small thymocytes 
are found in the medulla a few hours after selective label I ing of the 
outer cortex (Weissman, 1967). lntrathymic migration of lymphocytes 
from the cortex to the medulla can explain the occurrence of labelled 
small thymocytes in the medul Ia. Existence of such a migrational path
way has been shown more directly by in situ local Iabell ing of the 
superficial cortex with fluorescein (Scollay et al ., 1980). 

Thymocytes mature during the intrathymic migration, as is apparent 
from the expression of cell surface markers (e.g., Thy-1, TL, and Lyt 
antigens) some of which are only transient (e.g., the TL antigen). 
Also the densities of the surface antigens change (e.g., the density 
of Thy-1 decreases, while the density of Lyt-1 and H-2 antigens in
creases). 

The anatomical localization of thymocytes closely correlates with 
their sensitivity to the cytolytic activity of corticosteroids. The 
cortical thymocytes lyse after in vivo administration of high doses of 
cortisone, while medullar thymocytes are much less affected (Dougherty, 
1952; lshidate and Metcalf, 1963). Functional studies have shown that 
the medullary, cortisone-resistant thymocytes are mainly immunocompe
tent cells, endowed with, among other things, mitogen reactivity, 
mixed lymphocyte reactivity, Graft-versus-Host (GvH) reactivity, and T 
helper activity (reviewed by Cantor and Weissman, 1976). 

The thymus produces more lymphocytes than eventually leave this 
organ to repopulate the T-cell compartments within the peripheral lym
phoid organs (Metcalf, 1966; Shortman, 1977; Cantor and Weissman, 
1976; Scollay et al., 1980). Large numbers of recently formed thymo
cytes die within the thymus cortex (Joel et al., 1977; Shortman, 1977). 
It is an attractive hypothesis to suppose that these dying cells belong 
to 'forbidden• self-reactive T cell clones (von Boehmer and Byrd, 1972; 
Gorczynsky and MacRae, 1979a) or toT cell clones restricted for in
appropriate histocompatibility antigens (Zinkernagel and Doherty, 1978; 
Jenkins et al., 1981). Probably, the thymus epithelium plays a major 
role not only in the selection of the appropriate T eel Is but also in 
the proliferation and differentiation of pre-T cells, in the sense that 
intimate contact is needed between pre-T cells and the epithelium. Humo
ral factors, produced by the epithelial eel ls, are involved in this 
interaction (reviewed by Bach and Carnaud, 1976; Goldstein et al., 
1975; Train in et al., 1977). Most of these factors act within a short 
range only. The existence of thymic humoral factors which are also 
active at longer distances and, thus, have hormonal properties, has 
been hypothes1zed. These latter factors might play a role in the matu
ration of the immature post-thymic T cells in the periphery (Cantor and 
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Weissman, 1976; Kruisbeek, 1978; Stutman, 1978). 

2.2.3. Bursa of Fabricius 
The bursa of Fabricius, which is present in birds only, arises 

as an evagination of the dorsal wal 1 of the cloaca. This organ is popu
lated with haemopoietic stem eel ls early in embyronic life. Chickens 
bursectomized in embryonic 1 ife, e.g., at 17 days of incubation, have 
reduced levels of surface lg-bearing small lymphocytes, of plasma cells, 
and of serum lg (Cooper et al., 1972). Thus, the bursa is involved in 
the generation of B lymphocytes in birds (reviewed by Schaffner et al., 
1974, and by G1 ick, 1978), 

2.3. Peripheral or secondary lymphoid organs 

As stated above, virgin BandT lymphocytes generated within the 
bone marrow and thymus, respectively, migrate to the peripheral lym
phoid organs. Within these organs the antigen-driven differentiation of 
lymphocytes takes place. The most important peripheral lymphoid organs 
are the spleen, the lymph nodes, the gut-associated lymphoid tissue 
(GALT) and the bronchus-associated lymphoid tissue (BALT). These tissues 
provide the architecture and accessory cells appropriate for the anti
gen processing and for the presentation of the antigen to the lympho
cytes. 

Within the peripheral lymphoid organs a Band aT cell compartment 
can be recognized (reviewed by Parrot and de Sousa, 1971). Virgin B cells 
settle predominantly in the lymphoid fall icles (Razing et al., 1978), 
whereas T cells are found within the peri-arteriolar lymphoid sheath 
(PALS) of the splenic white pulp, the paracortex of lymph nodes and the 
interfoll icular areas of the GALT {Waksman, 1962; Gutman and Weissman, 
1972; van Ewijk et al., 1977). These compartments have no rigid boun
daries, and eel ls from either compartment are able to migrate to the 
other. 

Upon primary antigen injection small B lymphocytes can be stimulat
ed to transform into B eel 1 blasts in the peripheral part of the PALS 
(van Ewijk et al., 1977). The B eel 1 blasts proliferate and differenti
ate into antibody producing plasma cells (Nossal, 1962; Keuning et al., 
1963). These plasma cells are the effector cells of the B cell lineage 
(Fagreus, 1948). During the differentiation of B cells into plasma cells 
the eel ls migrate to the red pulp of the spleen and to the medullary 
cords of the lymph nodes (Thorbecke and Keuning, 1956). Antigen specific 
T lymphocytes can greatly enhance the response of 8 cells (Claman et 
al., 1966; Miller and Mitchell, 1968; Mitchlson, 1969). 

The activation ofT lymphocytes by antigen most 1 ikely occurs 
within the T eel 1 areas. Blast transformation and proliferation ofT 
cells precede the 8 cell blastogenesis (van Ewijk et al., 1977). 

As a consequence of antigenic stimulation, a focus of blast cells, 
dividing cells, as wel 1 as active macrophages form a fall icle centre or 
germinal centre. The germinal centre formation compresses the fall icular 
dendritic cells to a crescent around this centre (Miller, 1964). 

It is difficult to reconcile the segregation of BandT cells with
in the lymphoid organs with the need of T-8 cell interaction, which is 
necessary for aT cell-dependent antibody response. The question where 
the T-B cell interaction is precisely localized has not completely been 
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frequency analyses in an in vitvo 1 imiting dilution assay. A major in
crease in the CTL-P frequency can also explain why in vitro cytotoxic 
responsiveness to ectromelia virus-infected cells can only be induced by 
primed spleen cells, but not by spleen eel ls of uninfected mice (Gardner 
and B 1 and en, 1-976). An "1 ncrease of ant "1 gen-spec if i c CTL -.p has .a 1 so been 
observed in mice, that had rejected tumours induced by murine sarcoma
leukaemia virus (MSV-MLV). These tumours regress spontaneously in vivo 
(reviewed by Levy and Leclerc, 1977). Following rejection of the tu
mour, the frequency of CTL-P to syngeneic MLV-induced lymphoma cells is 
increased 10- to 20-fold as compared to normal mice (MacDonald et al., 
1980). 

In contrast to priming in a MLR, the increase of the frequency of 
alloantigen-reactive CTL-P observed in the spleen of al io-immunized mice 
is relatively small, i.e., 3- to 4-fold. Moreover, the frequency of pro-
1 iferating T lymphocyte precursors (PTL-P) is not increased after in 
vivo alloimmunization, in contrast to priming in MLR. One possible ex
planation for these findings is that primary immunization with al lo
antigens in vivo results in a selective increase of CTL-P among the 
alloreactive PTL-P. However, qualitative differences between normal and 
al loimmune CTL-P can also explain these results. For example, al loimmune 
spleen CTL-P may have a lower proliferating capacity than CTL-P in nor
mal spleen, or alternatively, alloimmune CTL-P may give rise to CTL with 
higher cytolytic efficiency. Jn accordance with such a hypothesis, some 
results obtained in MLR mass cultures, established with normal and al ]a
immune responding spleen eel Is, reveal differences between 1 virgin 1 and 
1 memory' CTL in their antigen requirements and the temperature depend
ency of their cytolytic activities (Cerottini and Brunner, 1977). 

It should be emphasized here that there is, at present, no method
ology to delineate qualitative differences between virgin and memory T 
lymphocytes. Possibly, such selective pressure can be reflected by, for 
instance, changes in the T eel 1 products or alternatively, an increase 
of the affinity of the antigen receptors on T lymphocytes. 

2.5. Lymphocyte recirculation 

Whereas the spleen is mainly drained by blood vessels, lymph nodes 
are intimately connected with the lymphatic system. This system consists 
of thin walled vessels, which originate in the interstitial spaces of 
the tissues, and thereby are able to drain these places. The lymphatic 
vessels of different parts of the body fuse and form larger vessels 
which eventually end up in the thoracic duct. The thoracic duct empties 
into the bloodstream. 

Lymph nodes are also traversed by some small blood vessels. Within 
the lymph nodes lymphocytes are able to traverse the walls of the blood 
vessels (Gowans and Knight, 1964; Sedgley and Ford, 1976). This only 
occurs in the post-capil Jary part of these vessels at sites which are 
l"1ned by high-endothelial cells, i.e., the so-called 1 high-endothelial 
venules 1

• The high-endothelial venules possess recognition structures 
for lymphocytes (Woodruff et al., 1977; Butcher et al., 1979; Stevens 
et al ., 1982). Both BandT cells are able to cross the walls of the 
high-endothelial venules after binding to these structures. Upon entry, 
B cells migrate to the outer cortex and to a lesser extent to the cor
tico-medullary junctions. T cells settle in the paracortical region, 
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where the high-endothelial venules are situated. Both BandT lympho
cytes can leave the lymph nodes again via the efferent lymphatic vessels. 
Via these vessels and the thoracic duct they return to the bloodstream. 
In this way lymphocytes are able to recirculate continuously between 
the lymphatics and the blood (Gowans, 1959; Ford, 1975). Although both 
B and T lymphocytes are able to recirculate, B lymphocytes traverse the 
peripheral lymphoid organs at a distinctly slower rate (Howard and 
Scott, 1972; Sprent, 1973a; Ford, 1975). Most of the recirculating lym
phocytes are long-lived cells, probably memory cells .,'lith specificity 
for antigens encountered in an earlier phase of 1 ife. This can be con
cluded from the percentage of label led cells found in the thoracic duct 
lymph of animals subjected to a period of continuous administration of 
3H-thymidine (Howard and Scott, 1972; Sprent and Basten, 1973b). Only a 
minority of the virgin B lymphocytes recirculate (Strober, 1972; 
Strober et al., 1973a, 1973b). Antigenic stimulation extends the pool 
of specific recirculating B lymphocytes. Most 1 ikely, these memory B 
eel ls are produced in the germinal centres of the follicles of the 
various peripheral lymphoid organs (Wakefield and Thorbecke, 1968a, 
1968b; Nieuwenhuis, 1971; Nieuwenhuis et al., 1974). 
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3. THE BOllE MARROW AS SITE OF IMMU/IOLOGICAL EFFECTOR CELLS 

3.1. Introduction 

In the preceding chapter a distinction was made between central 
and peripheral lymphoid organs. In the central lymphoid organs an 
antigen-independent proliferation and differentiation of lymphocytes 
takes place, whereas in the peripheral lymphoid organs the lymphocyte 
differentiation is an antigen-dependent process. This separation into 
compartments is an oversimplification since it has been shown that the 
production of B lymphocytes and precursors ofT lymphocytes can also 
take place outside the BM, and in the absence of a functional BM micro
environment (Kincade et al., 1975; Razing et al., 1976). On the other 
hand, effector eel ls can be found not only in peripheral lymphoid 
organs, but also within the central lymphoid organs. The purpose of 
this chapter is to give an overview of the lymphoid effector cells 
which can reside in the BM. 

3.2. Antibody- and immunoglobul-in-producing cells within the bone 
marrow 

Only for the sake of clarity we will distinguish between antibody
and lg-producing cells. It should, however, be noticed that this dis
tinction is only arbitrary; it only consist in that the antigen speci
ficity of the lg molecules secreted by the lg-producing eel ls is not 
known, whereas in the case of the antibody-forming cells it is. 

Already at the turn of the century, at the time that the role of 
lymphocytes and plasma eel ls in antibody synthesis was not yet recog
nized, Pfeiffer and Marx (1898) reported the presence of antibodies 
within BM extracts of rabbits immunized with Vibrio cholerae. Almost 
simultaneously Deutsch (1899) showed the occurrence of anti-typhoid 
antibodies in the BM of rabbits and guinea pigs immunized with typhoid 
vaccine. In fact, these results do not prove that the antibodies were 
actually produced by cells within the BM. More suggestive evidence was 
obtained by LUdke (1912), Reiter (1913), and, later, by deGara and 
Angevine (1943) and Thorbecke and Keuning (1953), who showed that BM 
eel ls of immunized animals released specific antibodies during in 
vitro cultivation. By adding radioactive amino acids to the culture 
medium, Askonas et al. (1956a) proved that the BM really produced spe
cific antibodies upon in vivo immunization by de novo protein synthe
sis. Thereafter, a large number of papers appeared, which reported 
antibody formation to take place not only in the peripheral lymphoid 
organs but also in the BM. At present the evidence that the BM is a 
site of antibody formation can be summarized as follows: 
(a) extracts of BM of rabbits and guinea pigs contain specific anti

bodies (Pfeiffer and Marx, 1898; Deutsch, 1899; deGara and Angevine, 
1943; Thorbecke and Keuning, 1953; Thorbecke et al., 1962). 

(b) BM cells cultured in vitro can produce antibodies (Carrel et al ., 
1912; Ludke, 1912; Reiter, 1913; Thorbecke et al., 1953, 1956, 
1961, 1962; Askonas et al., 1956a, 1958, 1965; Langevoort et al., 
1963; McMillan et al., 1976) and lg (Askonas et al., 1956a, 1956b, 
1958, 1965; Langevoort et al., 1963; Thorbecke, 1954, 1960; Asofsky 
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and Thorbecke, 1961; Thorbecke et al., 1964; van Furth et al., 1966; 
McMillan et al., 1972, 1976; Vaughan et al., 1976; Kutteh et al., 
1982). 

(c) in rabbits (Kolouch et al., 1938, 1947; 8j¢rneboe and Gormsen, 1943; 
Fag reus, 1948) and in man (Gormsen and Heintzelmann, 1941; Good and 
Campbel 1, 1950; Good, 1955) a positive correlation exists between 
the number of plasma eel ls in the BM and the serum antibody level 
after intensive antigenic stimulation. 

(d) the BM of immunized mole rats (Rice et al., 1972; Jankovic and 
Paunovic, 1973), rabbits (Landy et al ., 1965; Donne] ly and Sussdorf, 
1975; Bl ijham, 1975), mice (Benner et al., 1974a), rats (Knothe et 
al., 1979), chickens (Kelly and Abramoff, 1969; Weber, 1972; 
JankoviC et al., 1973) and adult frogs (Eipert et al., 1979) can 
contain large numbers of antibody-forming eel ls as determined with 
the plaque-assay. Furthermore, BM cells of rats immunized by an 
intradermal injection of xenogeneic eel Is produce antibodies di
rected to these latter eel ls. This is apparent from the activity of 
the immune BM cells in the antibody-dependent cell-mediated cyto
toxicity assay (Harding and Maclennan, 1972). 

Some reports are going as far as to suggest the BM as the major 
site of lg-synthesis. This is especially apparent if the lg-synthesis 
is calculated per whole organ (Askonas and White, 1956a; Askonas and 
Humphrey, 1958; McMillan et al., 1972, 1976; Haaijman et al., 1979; 
Benner et al., 1981b). Evidence for this suggestion has also been ob
tained in humans from the comparison of the ratio of the numbers of 
cytoplasmic lg-containing cells (C-Ig cells) in the BM containing the 
various heavy and 1 ight chain isotypes, and the ratio of the serum 
levels of the same lg isotypes. Both ratios are equal in the following 
combinations: lgM-IgG-!gA (Hijmans et al., 1971; Turesson, 1976), 
lgG1-IgG2-IgG3-IgG4 (Morell et al., 1975), lgA1-IgA2 (Skvarill and 
Morel 1, 1974), monomeric-polymeric lgA (Radl et al., 1974), K-\ ratio 
(Hijmans et al., 1971; Vossen, 1975; Turesson, 1976), and lgD versus 
all other heavy chain isotypes together (van Camp et al., 1978). In 
contrast, the distribution profile of C-!g cells in the peripheral lym
phoid organs is different from the serum levels of the tg classes and 
subclasses. The BM has also found to be the major location of auto
antibody-forming cells in humans (McMillan et al., 1976), mice (Cohen, 
1980), and rats (Weetman, 1980) suffering from diseases attendant with 
autoimmune phenomena. 

The numbers of C-lg eel Is (Haaijman et al., 1977, 1978) found with
in the BM of mice are substantial as compared with the numbers found in 
other lymphoid organs. The same results were obtained, when the number 
of lg-secreting cells were assayed more directly with the protein A 
plaque-assay (Benner et al., 1981b). The absolute and relative contri
bution of the BM to the total number of Jg-secreting eel ls in mice in
creases enormously with age. For instance, in normal BALB/c mice the 
total number of !g-secreting eel ls per animal increases 20- to 25-fold 
between 4 and 100 weeks of age. ln the same period the number of lg
secreting eel Is present in the BM increases 100-fold. As a consequence 
the percentage of all lg-secreting cells per animal localized in the 
marrow increases from 17% at 4 weeks to 75% at 100 weeks of age 
(Benner et al., 1981b). Other mouse strains show similar distribution 
patterns of the lg-secreting eel ls over the 1 ife-span. The accumulation 
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of lg-secreting eel ls in the BM of mice during aging is independent of 
the thymus, since this phenomenon has also been found in congenitally 
athymic nude mice. However, the accumulation of !g-secreting cells in 
the BM of these mice is retarded as compared with their heterozygous 
littermates (Haaijman et al., 1979; Benner et al., 1981b). 

The lg-production in the BM is faci 1 itated by exposure of the ani
mal to exogenous antigens. Exposure to exogenous antigen is the major 
factor determining the total number of lg-secreting eel ls as well as the 
distribution of these cells over the various lymphoid organs and the 
heavy chain isotype distribution of the lg-secreting cells. In normal, 
conventionally reared mice the majority of the lgG- and lgA-secreting 
cells are localized in the BM. In contrast, in antigen-deprived mice the 
number of lgG- and lgA-secreting cells present in the BM is highly defi
cient (Haaijman et al., 1979; Benner et al., 198lb). Moreover, when 
germ-free mice are completely deprived of exogenous antigens, by feeding 
them with a chemically defined low molecular weight diet from weaning 
and by keeping them on stainless steel grids instead of the usual bed
ding, lg-producing cells hardly appeared in the BM (Benner et al., 
1981d). The deficiency of lgG- and lgA-secreting eel ls in the BM of 
antigen-deprived mice suggests that the produced lgG and lgA are predo
minantly directed against environmental antigens, that penetrate by 
passing the epithelium 1 ining the gastro-intestinal and respiratory 
tracts. 

In spite of the extensive evidence, reviewed above, in favour of 
the BM as a major site of lg- and antibody synthesis in comparison with 
the spleen, lymph nodes, and gut-associated lymphoid tissue, this con
clusion has not yet been generally accepted. Probably, this is a conse
quence of the fact that antibody formation can hardly be found after 
immunization of rabbits (Thorbecke, 1961; Langevoort et al., 1963) and 
mice (Friedman, 1964; Eidinger and Pross, 1967; Chaperon et al., 1968; 
Mellbye, 1971; Nedelkova and Dobreva, 1971; Anderson and Dresser, 1972; 
Cohen, 1972; Cunningham, 1973, 1974; Lozzio and Wargon, 1974) with 
thymus-dependent (TD) antigens. However, in most of these investigations 
antibody formation has been assayed in the different lymphoid organs 
only during the primary response. This, however, is crucial, because 
antibody formation in the BM is only induced after two or more immuni
zations with the same antigen (Thorbecke et al., 1961; Langevoort et 
al., 1963; Benner et al., 1974a; 1977b; Hill, 1976). 

Studies on antibody formation in BM have mostly been done with mice 
using sheep erythrocytes (SRBC) as an antigen. The secondary response 
to SRBC is characterized by high numbers of antibody-forming cells pre
sent in the spleen and/or lymph nodes during the first week after the 
booster immunization. After the first week, however, the number of these 
cells in the total BM is substantially higher than in all other lym
phoid organs together (Benner et al., 1974a). This characteristic ki
netics of the secondary response in mice is independent of the booster 
dose, route of immunization and type of TD antigen, and is found for 
lgM, lgG, and lgA antibody production (Benner et al., 1974a; Hill, 1976). 
Furthe,rmore, lgE antibody production by BM cells has been observed in 
mice immunized with alum-precipitated ovalbumine (OV) and with mixtures 
of Ov and Con A (Kind and Mal loy, 1974; Gol lapudi and Kind, 1975). This 
lgE antibody production has been determined by the adoptive passive 
cutaneous anaphylaxis (PCA) reaction. It should be noted here, that 
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anti-host DTH response during the delayed GvH reaction (Bri 1 and Benner, 
in press), which usually develops in lethally irradiated mice reconsti
tuted withal Jogeneic BM cells. This suggests that antigen-activated sup
pressor T cells, which are mainly derived from the peripheral lymphoid 
organs (Bianchi et al., unpublished results), localize also in the BM. 

Other suppressive activities have also been found in the BM. It has 
been reported that murine BM eel ls can suppress the in vitro humoral 
immune response (Singhal et al., 1972; Drury and Singhal, 1974; Petrov 
et al ., 1975; Adler et al., 1976; Gorzcynsky and MacRae, 1977a; Duwe 
and Singhal, 1979a, 1979b; Dauphinee and Tala], 1979), and the prolif
erative and cytotoxic response of lymph node and spleen eel ls to al !a
antigens in the MLR (Gorczynsky and MacRae, 1977a; Dorshkind et a]., 
1980; Maraoka and Miller, 1980). In certain studies it has been shown 
that the suppressor cells are present in the lymphocyte-enriched frac
tions of the BM, but are insensitive to treatment with anti-Thy-1 
serum and complement, and to treatment with anti-lg serum and comple
ment, and, therefore, probably are 1 nu11 1 eel Is. Dauphinee and Tala! 
(1979) have described that a radiosensitive eel 1 population in the BM 
is responsible for the observed suppression of the in vitro antibody 
response. These suppressor eel ls are also insensitive to treatment with 
anti-Thy-1 serum and complement. However, when the BM eel Is are incu
bated with thymosin or thymus-derived humoral factors and then treated 
with anti-Thy-1 serum and complement, the suppressor activ"1ty is nearly 
abolished. These results suggest that the suppression is mediated by 
a precursor eel 1 that can be induced by thymosin to express Thy-1 anti
gen on the cell surface. However, the suppression med"1ated by these BM 
cells is not antigen-specific, which is an additional argument in 
favour of the inference that the suppression observed in the latter 
experiments is not med"1ated by mature suppressor T cells. 

3.4. Natural killer cells in the bone marrow 

Natural killer (NK) eel Js are believed to be a subpopulation of 
lymphoid cells that are present in normal individuals of mammal ian and 
avian species. NK cells display a 'spontaneous 1 -that is without prior 
intentional sensitization - cytolytic activity in vitro against a vari
ety of tumour cells, some virus-infected eel Is, and certain normal eel Is 
(Kiessling et al., 1975a; Herberman et al., 1975; Nunn, 1977). 

The NK cells are medium-sized mononuclear eel ls which neither 
express lg 1 s nor fa antigen (reviewed by Kiess] ing, 1979). AI though 
NK cells are thymus-independent in the sense that they are present in 
congenitally athymic nude mice and neonatal Jy thymectomized mice and 
rats (Herbermann et al., 1978a; Reynolds, in press), a substantial pro
portion expresses eel J surface markers which are characteristic forT 
eel Js. About half of the NK eel Is in humans express low-affinity recep
tors for SRBC, and the majority react with monoclonal antibodies direct
ed against T eel !-associated antigens (West et al., 1977; Eisenhart, 
1980; Ortaldo et al., 1981). Similarly, 50:Z: of the NK cells in the 
mouse express a low density of the Thy-1 antigen, and 20% are weak 
Lyt-1 positive (Herberman et al., 1978b; Mattes et al., 1979; Koo and 
Hatzfeld, 1980). No other typical T cell markers have been detected on 
NK eel ls so far (Pollack eta]., 1979; Koo et al., 1980). Another eel 1 
surface marker of NK eel Is is the receptor for the Fe portion of lgG 
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(FeR). This marker is readily detected on most human NK eel ls. When 
appropriate depletion procedures are used, this receptor can also be 
detected on most of the NK eel ls of mice and rats (Herberman et al., 
1977; Oehler eta!., 1978). In contrast to these phenotypical charac
teristics, which suggest that NK cells belong to the T cell 1 ineage, NK 
cells share some surface markers with macrophages and polymorphonuclear 
leukocytes in both man (Zarling and Kung, 1980; Kay and Horwitz, 1980; 
Breard et al., 1981; Ault and Springer, 1981; Ortaldo et al., 1981), 
mice (Lahman-Matthes and Domzig, 1980), and rats {Reynolds et al., 1981). 
At present, insufficient evidence exist to decide whether NK eel Is are 
cells belonging to the T cell 1 ineage, to the monocyte 1 ineage or to 
a separate cell 1 ineage that is derived from a common precursor for lym
phocytes, monocytes, and polymorphonuclear leucocytes. 

It has been shown in mice that NK cells are BM derived eel Is (Hal
ler et al., 1977a, 1977b) and, moreover, are dependent on the function
al BM microenvironment for full expression of their cytolytic activity 
(Kumar et al ., 1979). Thus, NK precursor eel ls are most probably gener
ated within the BM and emigrate to the periphery, mainly the spleen. 
Also the peripheral blood contains substantial NK activity. Low NK ac
tivity, can be found within the BM itself (Kiessling et a1., 1975b; 
Herberman et a1., 1975b). It has not been investigated yet whether this 
low activity is a consequence of a low frequency of NK cells in this 
organ or of a relative immaturity. Both the low density Thy-1-bearing 
small lymphocytes and the rapidly renewed, Fe receptor bearing 1 null 1 

small lymphocytes in the BM (Chan and Osmond, 1979) are possible candi
dates for the BM NK precursor eel Is and the mature NK eel Is. 
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4. INTRODUCTION TO THE EXPERIMENTAL ~!ORK 

As stated in Chapter 2 the subdivision of lymphoid organs into 
1 central 1 and 1 peripheral 1 was based upon the view that the antigen
independent formation of virgin lymphocytes and the induction of immune 
responses by antigen takes place in different organs. According to this 
view hardly any antibody formation would take place outside the periph
eral lymphoid organs. In accordance, when mice, the most frequently 
used experimental animal in immunological research, are immunized 
,;~ith a thymus-dependent (TD) antigen, antibody formation would be con
fined mainly to the peripheral lymphoid organs. However, as mentioned 
before (Chapter 3), during the last 90 years papers have appeared in 
the 1 iterature in which evidence has been presented, indicating that 
the BM is also an important site of antibody formation. This incon
gruity was removed by the finding of high numbers of PFC in the BM of 
mice after secondary immunization (Benner et al., 1974a, 1974c; Hi 11, 
1976). Adoptive transfer experiments, and experiments using parabiotic 
and splenectomized mice (Benner et al., 1974b, 1975, 1977b) revealed a 
coincidence between the presence of memory cells and the capacity of 
antibody formation in the BM. The peripheral lymphoid organs not only 
produce these memory eel ls, but are also needed for the initiation of 
the BM PFC response (Benner, 1977b). Bacterial 1 ipopolysaccharides 
(LPS), on the other hand, induce antibody formation in the BM not only 
during the secondary, but also during the primary response (Benner and 
van Oudenaren, 1976). These data formed the background at the start of 
the investigations described in this thesis. The purpose of the inves
tigations presented in this thesis was to get insight into the mecha
nism underlying the antibody formation within the BM after immunization 
with TD and thymus-independent (T!) antigens. These studies are describ
ed in the Appendix papers of this thesis. 

In Appendix paper I the methods have been described, which were 
used to induce and to measure antibody formation in the mouse BM. 
Furthermore, a number of critical factors influencing the BM PFC re
sponse have been discussed. 

In Appendix paper II experiments have been described in which the 
antibody production by spleen and by BM eel ls during the secondary re
sponse to SRBC has been quantified. Insight into the quantitative as
pects of antibody formation in the BM is important since al 1 previous 
studies in mice have been done with the plaque assay which detects the 
number of antibody-forming eel ls, but which gives no data about the 
quantity of antibodies produced. 

The role of the peripheral lymphoid organs in the initiation of 
the BM PFC response has been investigated using parabiotic mice con
sisting of members congenic for the lgh-1 locus. Furthermore, the 
requirement for memory Band memory T lymphocytes in the BM antibody 
formation has been investigated (Appendix paper III). 

ln order to exclude the possible facilitating influence of hapten
specific memory T eel ls and circulating anti-DNP antibodies we have 
studied the eel lular requirements of the BM response in more detai 1 by 
the technique of adoptive antibody formation in lethally irradiated syn
geneic mice (Appendix paper IV). 

21 



In Appendix paper V we have investigated the abi 1 ity of several 
Tl antigens (i.e., TNP-LPS, TNP-conjugated detoxified LPS, DNP-Ficoll, 
Pnev~ococcus pneumoniae bacteria, TNP-conjugated Brucella abortus orga
nisms and a-(1 ,6)dextran) to induce antibody formation in bone marrow 
after primary immunization. It was found that only TNP-LPS and DNP
Ficoll induce a significant BM PFC response. In this paper also the 
mechanism underlying BM antibody formation to these two antigens has 
been investigated" 

In Appendix paper VI the ability of Tl antigens to induce anti
body formation in the BM has been investigated after secondary immuni
zation. 

Appendix paper VII deals with the proliferative activity of anti
body forming eel ls in the BM of mice immunized with either the TO anti
gen SRBC, or the Tl antigens TNP-LPS and DNP-Ficoll, 
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5. DISCUSSION OF THE EXPERIMENTAL WORK 

The BM is a major site of localization of lg-secreting cells in 
mice and a variety of other mammals (reviewed by Benner, 1981a; Chapter 
3.1). However, when mice are immunized with a TD antigens, PFC were 
found almost exclusively in spleen and lymph nodes (Friedman, 1961; 
Eidinger and Pross, 1967; Chaperon et al., 1968; Mellbye, 1971; Nedel
kova and Dobreva, 1971; Anderson and Dresser, 1972; Cohen, 1972; 
Cunningham, 1973, 1974; Lozzio and Wargon, 1974). Secondary immunization 
of mice with TO antigens induces a PFC response not only in the spleen 
and the lymph nodes but also in the BM. During the early phase of the 
secondary response, much higher numbers of PFC are localized in the 
spleen and/or the lymph nodes than in the BM. After this first phase 
of about one week duration, the PFC response in the BM is several times 
higher than in all other lymphoid organs together (Benner eta\., 1974a; 
Appendix paper 1). Quantitative analysis of the mean antibody production 
per PFC in spleen and BM shows that there is no major difference in 
production per eel 1 per unit of time in both compartments during the 
second phase of the response (Appendix paper II). Therefore, the BM is 
the major source of serum antibodies during this phase of the secondary 
response to a TO antigen. 

Studies on the mechanism underlying antibody formation in the BM 
have been greatly facilitated by the above mentioned finding that in 
mice BM antibody formation can be induced by two separate injections of 
a TO antigen (Benner et al., 1974a). This discovery and the observation 
that only weak PFC activity is found in the BM after primary immuniza
tion with TO antigens, suggested that memory cells are required for BM 
antibody formation. In subsequent experiments, Benner et al. (1974b, 
1975, 1977b) noticed a coincidence between the occurrence of B and T 
memory eel ls and the abi 1 ity to respond to challenge with the relevant 
antigen with antibody formation in the BM. 

By priming and boosting of mice with heterologous hapten-carrier 
conjugates, we have shown that BM antibody formation is strictly depend
ent upon the presence of memory B cells, but not on memory T eel Is, 
before the booster immunization (Appendix paper I I 1). Likewise the 
adoptive antibody formation in the BM to hapten-carrier conjugates is 
dependent upon the presence of hapten-specific memory B eel ls, and not 
upon carrier-specific memory T eel ls (Appendix paper IV). However, 
memory T cells do enhance the adoptive BM PFC response mediated by 
infused hapten-specific memory B eel Is. We have also investigated 
whether hapten-specific memory T eel ls, which might replace carrier
specific memory T cells, are involved. This was done by transferring 
hapten-specific memory B cells, which were depleted ofT cells by treat
ment with anti-Thy-1 serum plus complement, together with normal spleen 
eel Is as a source of unprimed helper T eel Is. The data show that also 
hapten-specific memory T cells, if they would occur under these partic
ular experimental conditions, are not required for BM antibody forma
tion. Furthermore, these adoptive transfer experiments showed that spe
cific antibodies are not necessary for antibody formation in the BM' 
(Appendix paper IV). 

The origin of the antibody-forming eel Is that appear in the BM 
during secondary type responses to TO antigens was investigated in 
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parabiotic for the lgh-1 locus. From analysis of the allotype of the 
lgG2a-antibodies produced by PFC in the BM of such parabiotic mice it 
appeared that BM antibody formation is dependent on the immigration of 
memory B cells activated by the booster antigen in the peripheral lym
phoid organs (Appendix paper Ill). 

The immigration of activated memory B eel ls from the spleen takes 
place during the first few days after the booster immunization. This has 
to be concluded from the experiments of Benner et al. (1977c) in which 
mice were splenectomized at different intervals after the booster in
jection of a TO antigen. These experiments revealed that splenectomy 
four or more days after the booster injection no longer influences the 
BM PFC response, whereas splenectomy at day two could completely pre
vent the BM PFC response (Benner et al., 1977c). Consistent with such 
a migration of activated cells toward the BM, radioautograph'1c studies 
in ~uinea pigs demonstrated an influx of newly formed mononuclear eel ls 
via the bloodstream into the BM after intravascular antigen administra
tion (Appendix paper I II). Furthermore, enhanced migration of 1 ympho
cytes from the spleen toward the BM has recently been observed in pigs 
during the first week after secondary immunization with SRBC (Pabst et 
al., in press). 

The antibody formation to TO antigens in the BM during secondary 
type responses is characterized by its sustained pattern (Appendix 
paper 1). This BM PFC response is not maintained by a continuous influx 
of antibody forming eel ls or their precursors from the periphery into 
the BM. This appears from the above-described splenectomy experiments 
(Benner et al., 1977c) and from experiments with parabiotic mice. In 
the latter experiments it was shown that in case of parabiosis of mice 
with an ongoing BM PFC response and non-immunized mice or recently 
primed mice, only minor numbers of PFC can be found in the BM of the 
latter (Benner et al., 1977a). 

Immunization of mice with LPS (Benner and van Oudenaren, 1976), 
TNP-LPS, and DNP-Ficoll leads to antibody formation in the BM already 
during the primary response. TNP-conjugated Brucella abortus bacteria 

Antigen 

(TPN-)LPS 

(TNP-)dLPS 

TNP-BA 

DNP-Ficoll 

Dextran 

Pn 
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Mitogenic Properties of Tl Antigens In Vitro 

Polyclonal 
B cell stimulation 

+ 

+ 

Polyclonal 
DNA synthesis 

+ 

+ 



(TNP-BA), Paewnococcus pnev.moniae bacteria (Pn), and a-(1 ,6)dextran, on 
the other hand, do not induce a BM PFC response (Appendix paper V). The 
mitogenic properties of the Tl antigens employed are presented in Table I. 

The kinetics of the BM response to TNP-LPS is basically different 
from the response to DNP-Ficol 1. While primary immunization of mice with 
LPS or TNP-LPS leads to a substantial PFC response in the BM already by 
day 4 after immunization, injection of DNP-Ficoll does not induce a PFC 
response in the BM before day 5. Furthermore, the 8M PFC response to 
TNP-LPS equals or surpasses the response in the spleen already on day 6, 
whereas the BM PFC response to DNP-Ficoll does not exceed the level of 
the splenic response and attains this level later, namely around day 10. 

The mechanisms underlying antibody formation in the BM are also 
different for TNP-LPS and DNP-Fico\1. The BM-local izing PFC induced by 
TNP-LPS are formed within the BM itself from small B lymphocytes recent
ly produced by this organ. This appears from the observation that the BM 
anti-TNP-LPS response is sensitive to treatment of the mice with hydroxy
urea (HU; a drug that kills cells which are in the S-phase of the cell 
cycle) before immunization, and is resistant to splenectomy. This local 
activation of newly formed B cells requires, in addition to the antigenic 
signal of TNP-LPS, the mitogenic signal of the lipid A component of LPS. 
This is apparent from the observation that detoxification of LPS, which 
inactivates the 1 ipid A component that is responsible for the mitogenic 
and adjuvant properties of LPS, abo\ ishes the ability of LPS to induce 
antibody formation in the BM. The in situ induction of antibody forma
tion to (TNP-)LPS in the 8M is compatible with the recent observation 
that 8 cells in the mouse BM are fully immunocompetent in vitro 
(Benner et al., 1981c). 

In contrast to the BM PFC response to TNP-LPS, the response to 
DNP-Ficoll in the BM is resistant to HU treatment before immunization, 
and is reduced in splenectomized mice. Thus, antibody formation in the 
BM to DNP-Fico\1 is mainly dependent on long-] ived 8 cells that migrate, 
after antigenic stimulation, from the peripheral lymphoid organs into 
the BM (Appendix paper V). 

As stated above, TO antigens give rise to antibody formation in 
the BM after multiple immunization only, because antigen-specific memory 
B eel Is, induced during the primary immune response, are indispensible. 
Therefore, the question arises as to whether Tl antigens, which do not 
induce antibody formation in the BM after primary immunization, do so 
after secondary injection of the same antigen. This has been investigat
ed for TNP-conjugated detoxified LPS (TNP-dLPS), TNP-BA, and Pn. Of 
these Tl antigens only TNP-BA induces a PFC response in the BM after 
secondary immunization. Furthermore, this BM PFC response has the same 
kinetics as secondary type BM responses to TO antigens (Appendix paper 
VI). 

The inability of the certain Tl antigens (e.g., Pn and TNP-dLPS) 
to induce substantial secondary BM antibody formation is not due to a 
failure to induce memory B eel Is. This is apparent from the quantita
tively and/or qualitatively different secondary PFC response to these 
antigens in the spleen. This indicates that they do induce and activate 
memory B cells. 

Since TO antigens hardly induce antibody formation in congenitally 
athymic nude mice, one would expect that the antibody-producing cells 
found in these mice are mainly directed against Tl antigens. Therefore, 
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the weak BM PFC response to most Tl antigens, which is also found after 
repeated immunization, is difficult to reconcile with the occurrence of 
high numbers of background lg-secreting eel ls in the BM of congenitally 
athymic mice (Haaijman et al., 1979; Benner et al., 198ld). This incon
gruity can be explained either by the fact that the panel of Tl anti
gens that we have used, is not representative for the normal situation, 
or that most exogenous antigens that normally stimulate the immune sys
tem of nude mice are associated with a mitogenic principle. 

After it had been established that antibody formation to TO anti
gens and ONP-Ficoll in the BM is dependent upon immigrant cells from 
the peripheral lymphoid organs, the question arose whether these cells 
represent end-stage eel ls that no longer proliferate, or eel ls that can 
still proliferate within the BM in situ. Likev.Jise the question arose 
whether BM antibody formation to TNP-LPS is associated with a local 
clonal expanSion of the activated B cells. As stated above, the immi
gration of SRBC-activated memory B cells and their progeny is restrict
ed to the first four days after the booster immunization with the TO 
antigen SRBC. Thus, splenectomy on day 4 after the booster immunization 
with SRBC has no influence on the BM PFC response (Benner et al., 1977c). 
To investigate the proliferative activity of the immigrant B cells in 
the BM we have treated such boosted and splenectomized mice with HU on 
different days after the booster injection, and subsequently assayed 
the anti-SRBC PFC response. It was found that treatment with HU on day 
4 and 5 reduces the number of PFC in the BM dramatically. Beyond day 6 
HU treatment did not have a significant effect upon the BM PFC response. 
This reducing effect of HU upon the BM PFC response of splenectomized 
mice is a clue for the proliferative activity of the relevant cell com
partment. Apparently the proliferative activity within the antibody-form
ing cell 1 ineage within the BM is substantial, and maximal 4 to 6 days 
after immunization. Similar data were found for the BM PFC response 
to DNP-Ficoll. These results indicate that the magnitude of the BM PFC 
response to TO antigens and the Tl antigen ONP-Ficoll is highly depend
ent upon two events: the migration of antigen-activated (memory) B 
cells from the peripheral lymphoid organs into the BM, and the prol if
erative activity of the immigrant cells within the BM. Both events are 
mainly restricted to the first few days after immunization in spite of 
the sustained character of the BM PFC response (Benner et al., 1974c; 
Appendix paper 1). 

Examination of histological sections of the BM of rabbits hyper
immunized with pneumococcal vaccines have shown that the number of plas
ma eel ls in the BM increases after immunization and that they occur as 
small islands of 5 to 6 cells (Bj¢rneboe and Gormsen, 1943). This obser
vation also suggests that plasma cells, or more likely, their progenitor 
cells proliferate within the BM. 

In contrast to DNP-Ficoll, antibody formation in the bone marrmv to 
TNP-LPS is caused by a local activation of newly formed B eel ls by the 
antigen, and a subsequent differentiation into antibody-forming eel ls. 
The differentiation of the activated B eel Is into PFC is clearly asso
ciated with proliferation, because the BM PFC response to TNP-LPS is 
sensitive to treatment with HU during the first few days after immuni
zation (Appendix paper VII). 

!n view of the above described data, the sustained character of the 
BM PFC response can only be expla'1ned by a relatively long lifetime of 
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Filf~re 1. Schematic representation of the mechanism underlying antibody 
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the antibody-producing cells in the BM. Evidence for a long 1 ifetime of 
at least a part of the plasma eel ls in the BM as compared to plasma eel Is 
in the spleen has been presented by Taylor and Everett (1972}. A long 
1 ifetime of plasma eel ls has also been observed in cultures of human BM 
fragments (Mendel ow et al., 1980). The 1 ife-span of plasma eel ls in the 
BM of experimental animals can be investigated by occluding one hind 
1 imb for a short period, during which 3H-TdR is infused systemically. 
By the enumeration of the number of labelled plasmablasts and plasma 
cells in the BM at different intervals after the label 1 ing the 1 ife-span 
of these cells can then be estimated. 

The above out] ined mechanism underlying antibody formation in the 
BM is schematically represented in Figure 1. It should be noted here 
once again, that the BM is unable to mount an antibody response to TD 
antigens and to most Tl antigens by local activation of the B eel ls by 
antigen. Instead the BM antibody response is dependent upon the immi
gration of antigen-activated cells of the B cell 1 ineage from elsewhere. 
After arrival in the BM these blast eel ls further proliferate and mature 
into PFC, and produce large amounts of antibodies of the lgM, lgG, lgA 
(Benner et al., 1974b; Appendix paper I) and lgE (Kind and Malloy, 1974; 
Gollapudi and Kind, 1975) classes. By means of immunofluorescence tech
niques such cells are revealed as C-lg cells. In normal not intentional
ly immunized mice large numbers of background C-lg cells, that is, C-JgM, 
C-lgG and C-lgA (Haaijman et al., 1977, 1978) as well as C-lgD and C-lgE 
positive eel ls (Benner, van Oudenaren and Radl, personal communication) 
occur in the BM. 

The occurrence of antibody formation within the BM does not agree 
with the classical definition of central and peripheral lymphoid organs 
(c.f. Chapter 2). Therefore, it is preferable to distinguish between 
central and peripheral lymphoid organs by the exclusive ability of the 
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latter to initiate immune responses. So far, the PFC response to LPS 
and its mi:0genic derivatives is the only exception. Presumably, the 
central lymphoid organs lack the appropriate microenvironment and/or 
quantity or quality of eel Is required for the early steps in the induc
tion of immune responses. 

So far no compel! ing evidence exists to suppose that antibody for
mation in human BM is dependent on another mechanism than antibody for
mation in mouse BM. Human BM can display histological features that are 
characteristic of peripheral lymphoid tissues, e.g., the occurrence 
of lymphoid fall icles. In some rare cases even germinal centres have 
been observed in these follicles (Duhamel, 1968; Rywl in et al., 1974; 
Maeda et al., 1977). These follicles are more frequently observed in 
BM samples of individuals suffering from various types of diseases. 
Furthermore, the occurrence of lymphoid fall icles in the BM increases 
with the age of the individuals. Although, so far, no lymphoid follicles 
have been reported to be present in mouse BM this is not surprising in 
view of the fact that only relatively young and healthy mice are used 
for such studies. Therefore, it is interesting to examine histological 
sections of BM of mice suffering from well-known lymphoprol iferative 
diseases such as the NZB and MLR/lpr strains to see whether lymphoid 
follicles are present in such mice. In rabbits, lymphoid follicles have 
not been found in normal marrows but some are present in abnormal mar
row (Hashimoto et al., 1955). 

It is unclear whether the accumulation of antigen-activated memo
ry 8 cells outside the peripheral lymphoid organs is a specific or 
merely a random process. In the latter case, the activated memory B 
eel ls would disseminate from the peripheral lymphoid organs to any place 
in the body where the specific antigen is retained. According to this 
view, antibody formation in the BM would be the expression of a gener
al property of secondary type responses. Thus, secondary PFC responses, 
in contrast to primary responses, would be less restricted to the pe
ripheral lymphoid organs where the PFC originate, but would disseminate 
to all sites of the body where the relevant antigen is present. There
fore, the mechanism underlying ectopic antibody formation, for instance 
in granulomatas (reviewed by MacMaster et al., 1953), may be the same 
as the mechanism underlying BM antibody format'1on. 

In case the migration of antigen-activated B eel ls is a specific 
process, specific recognition structures, comparable to those found 
in the high-endothelial venules in lymph nodes (Woodruff, 1977), may be 
involved. Bj6rneboe and Gormsen (1943) have reported that in rabbits 
smal 1 clusters of plasma eel Is are diffusely scattered throughout the 
BM parenchyma. These clusters have been observed adjacent to the blood 
sinusoids. A similar distribution of plasmablasts and plasma cells has 
been observed in mice by Osmond (personal communication). Therefore, 
if such a mechanism would play a role, one would expect the recognition 
structures to be present on the walls of the blood sinusoids. 

The characteristic kinetics of the PFC response in spleen and BM 
shows that the antibody-forming eel 1 response is regulated in such a 
manner that the peripheral lymphoid organs respond rapidly, but only 
for a short period, whereas the BM response starts slowly, but takes 
care of a long-lasting massive production of antibodies to antigens 
which repeatedly challenge the organism. Thereby the peripheral lymphoid 
organs provide a fast defence to the challenging antigen, while the BM 
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provides a long-lasting protection against recurrent infections. Possi
bly the long-lasting antibody formation in the BM is caused by a lack 
of feedback suppression in this organ. Therefore, it would be interest
ing to investigate in future studies the factor(s) determining the 
different kinetics of the PFC response in the spleen and the BM. 

Antibody formation in the BM may also form a local feedback regu
lation pathway for the production of B cells with the relevant antigenic 
specificity (Jerne, 1979). Recently, it has been proposed that anti
idiotypic antibodies can stimulate and take part in the selection of 
the antibody repertoires (reviewed by Coutinho et al., 1980). Likewise, 
it is conceivable that anti-idiotypic antibodies produced by the BM can 
affect the size of specific clones at the pre-Band B eel 1 level. 
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The bone marrow (BM) is the major production site of B lymphocytes. 
The newly formed small B lymphocytes migrate, after a maturation period 
of one or more days, to the peripheral lymphoid organs (spleen, lymph 
nodes, tonsils, etc.), where they can be activated by antigen (after 
which they can differentiate into antibody-forming cells) or die. 
According to this view, most of the immunoglobul in(lg)- and antibody
producing eel ls are considered to be confined to the peripheral lymphoid 
organs. However, publications have appeared during the last ninety 
years presenting evidence that antibody formation can also take place 
in the BM (Chapter 3). This thesis further investigates this phenomenon 
with mice as experimental animals. 

After primary immunization of mice with thymus-dependent (TO) 
antigens, antibody formation almost exclusively takes place in the 
peripheral lymphoid organs. However, after secondary immunization with 
the same antigen, substantial numbers of antibody-producing plaque
forming eel ls (PFC) are found not only in the peripheral lymphoid or
gans, but also in the BM. The first phase of the secondary response, 
about 1 week of duration, is characterized by much higher numbers of 
PFC in the spleen and/or lymph nodes than in the BM. But after this 
first phase, the PFC response in the BM is much higher than in al 1 
other lymphoid organs together (Appendix paper I). 

Quantitative analysis of the mean antibody production per PFC in 
spleen and bone marrow shows that the production per cell per unit 
time in both organs is about the same during the second phase of the 
secondary response to sheep erythrocytes (SRBC) (Appendix paper I I). 
Therefore, the BM is the major source of serum antibodies during this 
phase of secondary type responses to such TO antigens. 

The subsequent experiments described in this thesis were aimed to 
elucidate the mechanism underlying antibody formation in the mouse BM. 

By priming and boosting of 'mice with TO heterologous hapten
carrier conjugates, we have shown that BM antibody formation is strict
ly dependent upon the presence of memory B cells at the moment of the 
booster immunization, but not on memory T cells (Appendix paper Ill). 
Likewise, the adoptive antibody formation in the BM to TO hapten-carrier 
conjugates is dependent upon the presence of hapten-specific memory B 
eel ls. Neither hapten-specific memory T cells nor specific antibodies 
appeared to be involved in the induction of the adoptive antibody for
mation in the BM (Appendix paper IV). 

The origin of the antibody-forming cells that appear in the BM 
during secondary type responses to TO antigens has been investigated in 
parabiotic mice consisting of members congenic for the lgh-1 locus. From 
analysis of the allotype of the lgG2a antibodies produced by PFC in the 
BM of such parabiotic mice it appeared that BM antibody formation is 
dependent on the immigration of memory B eel ls activated by the booster 
antigen in the peripheral lymphoid organs (Appendix paper Ill). This 
migration of (re)activated memory B cells from the peripheral lymphoid 
organs into the BM is restricted to the first four days after secondary 
immunization with the TD antigen. The immigrant cells continue to pro-
1 iferate in the BM. but predominantly during the first few days after 
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arrival. This can be concluded from the profound and long-lasting sup
pression of the BM PFC response after elimination of the proliferating 
eel ls by treatment with hydroxyurea (HU; a drug that kills cells which 
are in the $-phase of the cell cycle (Appendix paper VII). 

In contrast to TD antigens, certain thymus-independent (TI) anti
gens (e.g., LPS, TNP-LPS, and DNP-Ficol J) give rTSe to antibody formation 
in the BM already during the primary response. The mechanisms underlying 
the BM antibody formation to (TNP-)LPS and to DNP-Ficoll, however, are 
different. The PFC response to (TNP-)LPS in the BM is dependent on the 
local activation and subsequent pro! iferation of newly formed B cells. 
This appears from the observation that this response is sensitive to 
treatment of the mice with HU before (Appendix paper V) as well as 
after (Appendix paper VII) immunization, and is resistant to splenec
tomy. This local activation of newly formed B cells requires besides 
the antigenic signal of (TNP-)LPS the mitogenic signal of the 1 ipid A 
component of LPS. This is apparent from the observation that detoxifi
cation of LPS, which inactivates the 1 ipid A component that is respon
sible for the mitogenic and adjuvant properties of LPS, abolishes its 
capacity of inducing antibody formation in the BM. 

In contrast to the BM PFC response to TNP-LPS, the BM response to 
DNP-Ficoll is resistant to treatment of the mice with HU before immu
nization, and is reduced in splenectomized mice. Thus, antibody forma
tion to DNP-Ficoll in the BM is mainly dependent upon long-lived cells 
which migrate from the peripheral lymphoid organs into the BM (Appen
dix paper V). The maturation of these immigrant eel ls into PFC is, just 
as during secondary responses to TD antigens, associated with prol ifer
ation (Appendix paper VII). 

In contrast to LPS, TNP-LPS, and DNP-Ficoll, other Tl antigens 
(e.g., TNP-conjugated Brucella abortus bacteria (TNP-BA), Pneumococcus 
pneumoniae bacteria, and a-(1 ,G) dextran) do not induce a BM PFC re
sponse after primary immunization (Appendix paper V). After secondary 
immunization with the latter Tl antigens, only TNP-BA gives rise to a 
weak PFC response in the BM. The failure of certain Tl antigens to in
duce antibody formation in the 8M is not due to an inability to induce 
memory 8 cells during the primary response or to an inability to reac
tivate these memory 8 eel ls (Appendix paper VI). 

The different kinetics of the PFC response in spleen and 8M shows 
that the antibody-forming eel 1 response is regulated in such a manner 
that the peripheral lymphoid organs respond rapidly, but only for a 
short period, whereas the BM response starts slowly, but takes care of 
a long-lasting massive production of antibodies to antigens which re
peatedly challenge the immune system. Thereby the peripheral lymphoid 
organs provide a fast defence to challenging antigens, whereas the bone 
marrow provides a long-lasting protection against recurrent infections. 
Possibly the long-lasting antibody formation in the BM is caused by a 
lack of feedback suppression. Therefore, it would be interesting to 
investigate the factor(s) determining the different kinetics of the 
antibody response in spleen and BM. 
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? . SAMENVATTING 

Het beenmerg (BM) is de belangrijkste produktieplaats van B-lymfo
cyten. De nieuw gevormde B-lymfocyten migreren na een rijpingsproces 
van een of enkele dagen naar de perifere lymfoiede organen (milt, 
lymfklieren, tonsil len, enz.). In deze laatste organen kunnen deB
lymfocyten geaktiveerd worden door antigenen (waarna ze kunnen diffe
rentieren tot antil ichaamvormende eel len), of doodgaan. Gewoonl ijk 
veronderstelt men dat de meeste immuunglobul ine(lg)- en antil ichaam
producerende cell en in de perifere lymfoiede organen gelokal iseerd zijn. 
Sinds het einde van de vorige eeuw zijn er echter oak publ ikaties ver
schenen, waaruit bl ijkt dat antilichaamvorming tevens in het BM kan 
plaatsvinden (Hoofdstuk 3). In dit proefschrift is dit verschijnsel 
nader onderzocht, waarbij gebruik gemaakt is van muizen als proefdieren. 

Na prima ire immunisatie van muizen met thymus-afhankel ijke anti
genen vindt antil ichaamvorming vrijwel uitsluitend plaats in de peri
fere lymfoiede organen. Na een tweede immunisatie met hetzelfde antigeen 
worden antil ichaam-producerende plaque-vormende cell en (PFC) echter niet 
alleen in de milt en de lymfkl ieren, maar ook in het BM aangetroffen. 
Aanvankel ijk, d.w.z., gedurende ongeveer de eerste week na secunda ire 
immunisatie, bevinden de meeste PFC zich in de milt en/of lymfklieren. 
Na de eerste week is de PFC-respons in het BM veel hager dan in al le 
andere lymfoiede organen samen (Appendix publ icatie I). 

Kwantitatieve bepal ingen van de gemiddelde antil ichaamproduktie 
per PFC in milt en BM toonden aan dat de produktie per eel en per tijds
eenheid in be ide organen ongeveer gel ijk is, tijdens de tweede fase van 
de secundaire respons tegen schape rode bloedcellen (SRBC) (Appendix 
publikatie II). Daarom is het BM tijdens deze fase van secundaire re
spon sen tegen zu 1 ke thymus-afhanke 1 i j ke anti genen de be 1 ang r i j kste bran 
van antil ichamen. 

De verdere experimenten die in dit proefschrift beschreven worden 
zijn uitgevoerd met het doel inzicht te verkrijgen in het mechanisme 
dat ten grondslag 1 igt aan antil ichaamvorming in het BM. 

Door de primaire en secundaire immunisatie uit te voeren met hete
rologe thymus-afhankel ijke hapteen-carrier-conjugaten kon worden aange
toond dat de verschijning van PFC in het BM strikt afhankel ijk is van 
de aanwez i ghei d van memory-B-ee 11 en op het ogenb 1 i k van de secunda ire 
immunisatie, en dat memory-T-cellen niet noodzakel ijk zijn (Appendix 
publ ikatie I I 1). Oak voor de antil ichaamvorming tegen thymus-afhanke-
1 ijke hapteen-carrier conjugaten in het beenmerg van letaal-bestraalde 
muizen zijn, naast normale niet eerder geaktiveerde T-cellen, alleen 
hapteen-specifieke memory-B-ee] len noodzakelijk. Hapteen-specifieke 
memory-T-cellen, noch specifieke antil ichamen spelen een rol bij de 
PFC-respons in het BM van bestraalde muizen (Appendix pub] ikatie IV). 

De oorsprong van de PFC, die in het BM verschijnen tijdens secun
daire responsen tegen thymus-afhankel ijke antigenen, is onderzocht door 
middel van parabiose van muizen die congeen zijn voor het lgh-1 (lgG2a 
allotype) locus. Tijdens de parabiose ontstaan verbindingen tussen de 
bloedbaan van be ide muizen, waardoor o.a. uitwissel ing van bloed(cel
len) tussen de be ide dieren mogel ijk wordt. Analyse van het allotype 
van de lgG2a antilichamen, die in het beenmerg werden geproduceerd, 
toonde aan dat de antil ichaamvorming in dit orgaan tot stand komt door 
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immigratie van memory-B-cellen die in de perifere lymfoiede organen 
gereaktiveerd zijn door (het betreffende) antigeen. De migratie van 
antigeen-gestlmuleerde memory-B-ee] len van de perlfere lymfoiede orga
nen naar het BM vindt plaats gedurende de eerste vier dagen na de 
secunda ire immunisatie. De geimmigreerde eel len del en na aankomst in 
het BM nog gedurende enkele dagen. Dit kan geconeludeerd worden uit de 
Jangdurige en sterke verlaging van de PFC-respons in het BM na el imi
natie van de delende eel len door behandel ing van de muizen met hydroxy
ureum (HU; een stof die eel len doodt die in de S-fase van de eeleyclus 
zijn) (Appendix publ ikatie VII). 

In tegenstell ing tot thymus-afhankel ijke antigenen induceren 
sommige thymus-onafhankel ijke antigenen (b.v. LPS, TNP-LPS en DNP
Ficol 1) anti 1 ichaamvorming in het BM al na prima ire immunisatie. De 
mechanismen die ten grondslag 1 iggen aan de anti! iehaamvorming tegen 
(TNP-)LPS en DNP-Ficoll in het BM zijn echter verschillend. De PFC
respons tegen (TNP-)LPS in het BM ontstaat door lokale stimulatie en 
daarop volgende prol iferatie van nieuwgevormde B-cel len. Dit bl ijkt 
uit experimenten met muizen die v66r (Appendix publ ikatie V) of na 
(Appendix pub] ikatie VI I) immunisatie met (TNP-)LPS behandeld werden 
met HU, en het feit dat het verwijderen van de milt v66r immunisatie 
geen invloed heeft op de hoogte van de respons in het BM. De lokale 
stimulatie door (TNP-)LPS is afhankelljk van de mitogene aktivite'1t van 
het LPS. Dit blijkt uit het feit dat geen PFC-respons in het BM wordt 
gevonden na primaire immunisatie met gedetoxificeerd LPS of met TNP
geconjugeerd gedetoxificeerd LPS (TNP-dLPS). Detoxificatie van LPS in
act i veert de 1 i pi d A component van LPS. 01 t 11 pi d A is er verantwoorde-
1 ijk voor dat LPS niet alleen als antigeen, maar ook als mitogeen en 
als adjuvant kan optreden bij de aktivatie van lymfocyten. 

ln tegenstel 1 ing tot de respons tegen TNP-LPS, is de PFC-respons 
tegen DNP-Ficol l in het BM niet gevoelig voor behandeling van de muizen 
met HU v66r primaire immunisatie. Bovendien is de PFC-respons tegen 
DNP-Ficoll in het BM verlaagd wanneer de milt is verwijderd v66r de 
immunisatie met DNP-Ficoll. De PFC-respons in het BM tegen DNP-Ficoll 
is daarom, net zoals de respons tegen thymus-afhankel ijke antigenen, 
afhankel ijk van de migratie van lang-levende B cell en van de perifere 
lymfoiede organen naar het BM (Appendix publ ikatie V). De rijping van 
de geimmigreerde eel len tot PFC gaat, net als bij secunda ire responsen 
tegen thymus-afhankel ijke antigenen, gepaard met eel del ing (Appendix 
publikatie VII). 

In tegenste 11 i ng tot LPS, TNP- LPS en DNP- Fico 11 induce ren andere 
thymus-onafhanke1 ijke antigenen (b.v. TNP-geconjugeerde Brv.ceUa ohor
tus (TN~BA) bakterien, Pneumococcus pneumoniae bakterien en a-(1 ,6)
dextraan) geen PFC-respons in het beenmerg na primaire immunisatie. Van 
deze laatste groep thymus-onafhankel ijke antigenen induceert al leen 
TNP-BA een zwakke PFC-respDns in het BM na secundaire immunisatie. Het 
feit, dat oak na secundaire immunisatie met de meeste van deze anti
genen niet of nauwel ijks een respons in het BM wordt gevonden, wordt 
niet veroorzaakt doordat na immunisatie met thymus-onafhankel ijke anti
genen geen memory-B-ee] len zouden worden gevormd, en-oak niet doordat 
deze antigenen niet in staat zouden zijn de geinduceerde memory-B-cel
len te reaktiveren (Appendix publ ikatie VI). 

De verschillende kinetiek van de antil ichaamvorming in milt en BM 
toont aan dat de antilichaamrespons zodanig wordt gereguleerd dat in 
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de perifere lymfoiede organen de respons snel wordt opgebouwd, maar 
slechts kart duurt. De antil ichaamrespons in het BM komt daarentegen 
langzaam op gang en zorgt voor een iangdurige en massale produktie 
van antilichamen, gericht tegen antigenen die het immuunsysteem her
haaldel ijk stimuleren. Door dit verschil in regulatie zorgen de peri
fere lymfoiede organen voor een snel le afweer tegen binnendringende 
antigenen, terwijl het BM het 1 ichaam langdurig beschermt tegen terug
kerende infekties. Mogel ijk wordt de lange duur van de PFC-respons in 
het BM veroorzaakt, doordat een duidel ijke 1 feedback 1 suppressie ont
breekt. Het zou daarom interessant zijn om te onderzoeken welke fac
tor(en) het verschil in kinetiek van de antil ichaamvorming in milt en 
BM bepalen. 

35 





REFERENCES 

Adler, S., Singhal, S.K., and Sercaz, E.E. Regulatory cells in the bone marrow. In: 
Immune reactivity of lymphocytes. Development expression, and control. Adv. Exp. 
Med. Biol. 66 (Eds. M. Feldman and A. Globerson), p.598. Plenum Press, london, 1976. 

Anderson, H.R., and Dresser, D.W. The long-term distribution of antibody-forming eel ls. 
Eur. J. lmmunol. 2, 410, 1972. 

Asherson, G.L., and Zemba Ia, M. Anatomical location of eel ls which mediate contact sen
sitivity in the lymph nodes and bone marrow. Nature New Biol. 244, 176, 1973. 

Askonas, B.A., and White, R.G. Sites of antibody production in the guinea-pig. The 
relation between in vitro synthesis of anti-ovalbumine and y-globul in and distri
bution of antibody containing plasma cells. Brit. J. exp. Pathol. 37, 61, 1956a. 

Askonas, B.A., Humphrey, J.H., and Porter, R.R. On the origin of the multiple forms of 
rabbit y-globul in. Biochem. J. 63, 412, 1956b. 

Askonas, B.A., and Humphrey, J.H. Formation of specific antibodies and y-globul in in 
vitro. A study of the synthetic ability of various tissues from rabbits immunized 
by different methods. Biochem. J. 68, 252, 1958. 

Askonas, B.A., White, R.G., and Wilkinson, P.C. Production of y1- and y2-anti-ovalbumin 
by various lymphoid tissues of the guinea pig. Immunochemistry 2, 329, 1965. 

Asofsky, R., and Thorbecke, G.J. Sites of formation of immune globulins and of a compo
nent of C3. I I. Production of immuno-electrophoretical ly identified serum pro
teins by human and monkey tissues in v1~tro. J. exp. Med. 114, 471, 1961. 

Ault, K.A., and Springer, T.A. Cross-reactions of a rat-anti-mouse phagocyte-specific 
monoclonal antibody (anti-Mac-1) with human monocytes and natural ki 11er eel ls. 
J. lmmunol. 126, 359, 1981. 

Bach, J.F., and Carnaud, C. Thymic factors. Prog. Allergy 21, 342, 1976. 
Barth, W.F., and Fahey, J.L. Heterologous and homologous skin sensitizing activity of 

mouse 75 y1- and 75 yZ-globul ins. Nature 206, 730, 1965. 
Basch, R.S., and Kadish, J.L. Hematopoietic thymocyte precursors I I. Properties of 

precursors. J. exp. Med. 145, 405, 1977. 
Benner, R., Meima, F., van der Meulen, G.M., and van Muiswinkel, W.B. Antibody forma

tion in mouse bone marrow I. Evidence for the development of plaque-forming cells 
in situ. Immunology 26, 247, 1974a. 

Benner, R., Meima, F., and van der Meulen, G.M. Antibody formation in mouse bone mar
row I I. Evidence for a memory-dependent phenomenon. Ce 11. Immune l. 13, 95, 1974b. 

Benner, R., Meima, F., van der Meulen, G.M., and van Ewijk, W. Antibody formation in 
mouse bone marrow Ill. Effects of route of priming and antigen dose. Immunology 
27, 747, 1974eo 

Benner, R., and van Oudenaren, A. Antibody formation in mouse bone marrm-.1 IV. Influence 
of splenectomy on the bone marrow plaque-forming eel 1 response to sheep red blood 
cells. Cell. lmmunol. 19,167,1975. 

Benner, R., and van Oudenaren, A. Antibody formation in mouse bone marrow V. The re
sponse to the thymus-independent antigen Escherichia coli 1 ipopolysaccharide. 
Immunology 30, 49, 1976. 

Benner, R., van Oudenaren, A., and de Ruiter, H. Antibody formation in mouse bone mar
rmv VII. Evidence against migration of plaque-forming cells as the underlying 
cause for bone marrm-.~ plaque-forming cell activity; a study with parabiotic mice. 
Cell. lmmunol. 29, 28, 1977a. 

Benner, R., van Oudenaren, A., and de Ruiter, H. Antibody formation in mouse bone mar
row VIII. Dependence on potentially circulating memory cells. A study 1-.1ith para
biotic mice. Cell. lmmunol. 33, 268, 1977b. 

Benner, R., van Oudenaren, A., and de Ruiter, H. Antibody formation in mouse bone mar
row IX. Peripheral lymphoid organs are involved in the initiation of bone marro1v 
antibody formation. Cell. lmmunol. 34, 125, 1977c. 

Benner, R. The bone marrow; a major site of antibody production. In; The Immune System, 
vol. I (Eds. C.M. Steinberg and I. Lefkovits), p. 362. S. Karger, Basel, 1981a. 

Benner, R., Rijnbeek, A.-M., Bernabe, R.R., Martinez-Alonso, C., and Coutinho, A. Fre
quencies of background immunoglobulin-secreting cells in mice as a function of 
organ, age, and immune status. lmmunobiol. 158, 225, 1981b. 

Benner, R., Rijnbeek, A.-M., Schreier, M.H., and Coutinho, A. Frequency analysis of 
immunos~obulin v-gene expression and functional reactivities in bone marrow B 
cells. J. lmmunol. 126, 887, 1981c. 

Benner, R., van Oudenaren, A., Haaijman, J.J., Slingerland-Teunissen, J., Wostmann, B.S., 
and Hijmans, W. Regulation of the 'spontaneous' (background) immunoglobulin syn
thesis. Int. Archs. Allergy appl. lmmunol. 66, 404, 1981d. 

37 



Bj6rneboe, M., and Gormsen, H. Experimental studies on the role of plasma cells as 
antibody producers. Acta path. microbiolo Scand, 20, 649, 1943. 

Black, S.J., van der Loa, W., Loken, M.R., and Herzenberg, L.A. Expression of lgD by 
murine lymphocytes. Loss of surface lgD indicates maturation of memory B cells. 
J. exp. Med. 147, 984, 1978. 

Black, S.J., Tokuhisa, T., Herzenberg, L.A., and Herzenberg, L.A. Memory B cells at 
successive stages of differentiation: expression of surface lgD and capacity for 
self renewal. Eur. J. lmmunol. 10, 846, 1980. 

Bl ijham, G.H. Histofysiologie van het helper T cell en systeem in het konijn. Thesis, 
Groningen, 1975. 

Boersma, W.J.A., Daculsi, R., and van der Westen, G. Post-irradiation thymocyte regener
ation after bone marrow transplantation I I. Physical characteristics of thymocyte 
progenitor cells. Cell Tissue Kinet. 14, 197, 1981. 

Brah"rm, F., and Osmond, D. G. Migrat·ron of bone marrow lymphocytes demonstrated by selec
tive bone marrow label 1 ing with thymidine-H3. Anat. Rec. 168, 139, 1970. 

Brankovan, V., and Rosse, C. In vitro alloreactivity of mouse bone marrow lymphocytes. 
Cell. lmmunol. 54, 1, 1980. 

Breard, J., Reinherz, E.L., O'Brien, C., and Schlossman, S.F. Delineation of an effec
tor population responsible for natural kil 1 ing and antibody-dependent cellular 
cytotoxicity in man. Clin. lmmunol. lmmunopathol. 18, 145, 1981. 

Bril, H., and Benner, R. Specific suppression of anti-host immune reactivity "rn graft
versus-host reaction. Adv. Exp. Sial., in press. 

Bri:icker, E.-B., and MUller-Ruchholtz, W., Presence and kinetics of sensitized cells in 
different tissue compartments. Int. Archs. Allergy appl. lmmun 49, 607, 1975. 

Butcher, E.C., Scollay, R.G., and Weissman, I.L. Lymphocyte adherence to high endothe-
1 ial venules: characterization of a modified in vitro assay, and examination of 
the binding of syngeneic and allogeneic lymphocyte populations. J. lmmunol. 123, 
1996, 1979. 

Cantor, H., and Weissman, I.L. Development and function of subpopulations of thymocytes 
and T lymphocytes. In: Progress in Allergy, val. 20 (eds. P. Kall6s, B.H. Waksman 
and A. Week), p. 1. S. Karger, Basel, 1976. 

Carrel, A., and lngebrigtsen, R. The production of antibodies by tissues living outs"rde 
of the organism. J, exp. Med. 15, 287, 1912. 

Cerottini, J.-C., Nordin, A.A., and Brunner, K.T. In vitro cytotoxic activity of thymus 
cells sensitized to alloantigens. Nature 227, 72, 1970. 

Cerottini, J.-C., and Brunner, K.T. Mechanism ofT and K cell-mediated cytolysis. In: 
BandT cells in immune recognition (eds. F. Loor and G.E. Roelants), p. 319. 
John Wiley and Sons, London, 1977. 

Chan, F.P.H., and Osmond, D.G. Maturation of bone marrow lymphocytes II f. Genesis of Fe 
receptor-bearing 'null' cells and B lymphocyte subtypes defined by concomitant 
expression of surface lgM, Fe, and Complement receptors. Cell. lmmunol. 47, 366, 
1 979. 

Chaperon, E.A., Selner, J.C., and Claman, H.N. M"rgrat'1on of antibody-form·rng cells and 
antigen-sensitive precursors between spleen, thymus, and bone marrow. lmmunol. 14, 
553, 1968. 

Claman, H.N., Chaperon, E.A., and Triplett, R.F. Thymus-marrow cell combinations. Syn
ergism in antibody production. Proc. Soc. exp. Biol. (N.Y.) 122, 1167, 1966. 

Clark, S.L. The intrathymic environment. !n: Contemp. Top. lmmunobiol. val 2, p. 77-
Plenum Press, New York, 1973. 

Coffman, R.L., and Cohn, M. The class of surface immunoglobulin on virgin and memory 
lymphocytes. J. lmmunol, 118, 1806, 1977. 

Cohen, J.J. Thymus-derived lymphocytes sequestered in the bone marrow of hydrocortison
treated mice. J. lmmunol. 108, 841, 1972. 

Cohen, J.J., and Patterson, C.K. lnduct"ron of theta-posit"lve lymphocytes and lympho
blasts in mouse bone marrow by mitogens. J. lmmunol. 114, 374, 1975. 

Cohen, P.L. Bone marrow as the major site of anti-erythrocyte auto-antibodies production 
in NZB mice. Arthritis and Rheumatism 23, 1045, 1980. 

Cooper, M.D., and Lawton, A.R. The mammalian 'Bursa Equivalent': Does lymphoid differ
entiation along plasma eel 1 lines begin in the gut-associated lymphoepithelial 
tissues (GALT) of mammals? In: Contemp. Top. lmmunobiol., val. 1 (ed. M.G. Hanna), 
p. 49. Plenum Press, London, 1972. 

Cooper, M.D., and Lawton, A.R. Pre-B eel ls: normal morphologic and biologic character
istics and abnormal development in certain immunodeficiencies and malignancies. 
!n: Cells of immunoglobulin synthesis (eds. B. Pernis and H.J. Vogel), p. 411. 
Academic Press, New York, 1979. 

38 



Coutinho, A., Forni, A., and Bernabe, R.R. The polyclonal expression of immunoglobulin 
variable region determinants on the membrane of B eel ls and their precursors. 
Springer Semin. lmmunopathol. 3, 171, 1980. 

Cunningham, A.J. Antibody formation studied at the single-cell level. Prog. Allergy, 
1), 5, 19)3. 

Cunningham, A.J. Large numbers of cells in normal mice produce antibody components of 
isologous erythrocytes. Nature 252, 749, 1974. 

Dauphinee, M.J., and Talal, N. Failure of NZB spleen to respond to prethymic bone mar
row suppressor cells. J. lmmunol. 122, 936, 1979. 

deGara, P.F., and Angevine, D.M. Studies on the site of antibody formation in rabbits 
following intracutaneous injections of pneumococcus or of streptococcus vaccine. 
J. exp. Med. 78, 27, 1943. 

De Gast, G.C., and Platts-Mills, T.A.E. Functional studies on T cells in adult human 
bone marrow. Cl in. exp. lmmunol. 38, 99, 1979. 

Deutsch, L. Contribution a 1'8tude de l'origine des anticorps typhiques. Ann. lnst. 
Past. 9, 689, 1899. 

Donnelly, N., and Sussdorf, D.H. Antigen-binding cells in central and peripheral lym
phoid tissues of the rabbit. Cell. lmmunol. 15, 294, 1975. 

Dorshkind, K., Kl impel, G.R., and Rosse, C. Natural regulatory cells in murine bone 
marrm~: inhibition of in vitro proliferative and cytotoxic responses to alloanti
gens. J. lmmunol. 124, 2584, 1980. 

Dougherty, T.F. Effect of hormones on lymphatic tissue. Physiol. Rev. 32, 379, 1952. 
Drury, P.J., and Singhal, S.K. Isolation of a-isoantigen-negative, antibody-inhibiting 

cells from normal mouse bone marrow according to their density and surface-adher
ent properties. Int. Arch. Allergy 46, 707, 1974. 

Duhamel, G. Les nodules lymphoides de Ia moel le osseuse. Presse Med. 76, 1947, 1968. 
Duwe, A.K., and Singhal, S.K. Suppression by soluble factor released from B cells. In: 

Immune reactivity of lymphocytes. Development, expression and control. Adv. Exp. 
Med. Biol. 66 (eds. M. Feldman and A. Globerson), p. 599. Plenum Press, London, 
19)6. 

Duv1e, A. K., and Singhal, S. K. The immunoregul a tory role of bone marrow I. Suppress ion 
of the induction of antibody responses toT-dependent and T-independent antigens 
by cells in the bone marrow . Cell. lmmunol. 43, 362, 1979a. 

Duwe, A.K., and Singhal, S.K. The immunoregulatory role of bone marrow II. Characteri
zation of a suppressor cell inhibiting the in vitro antibody response. Cell. 
lmmunol. 43, 372, 1979b. 

Eidinger, D., and Pross, H.F. The immune response to sheep erythrocytes in the mouse I. 
A study of the immunological events utilizing the plaque technique. J. exp. Med. 
126, 15, 196). 

Eipert, E.F., Klempau, A.E., Lallone, R.L., and Cooper, E.L. Bone marro\~ as a major 
lymphoid organ in Rana. Cell. lmmunol. 46, 275, 1979. 

Eisenbarth, G.S., Haynes, B. F., Schroer, J.A., and Fauci, A.S. Production of monoclon
al antibodies reacting with peripheral blood mononuclear eel 1 surface differen
tiation antigens. J. lmmunol. 124, 1237, 1980. 

El-Arini, M.O., and Osoba, D. Differentiation of thymus-derived cells from precursors 
in mouse bone marrov1. J. exp. Med. 137, 821, 1973. 

Farrar, J.J., Loughman, B.E., and Nordin, A.A. Lymphopoietic potential of bone marrov1 
eel Is from aged mice: comparison of the eel lular constituents of bone marrow 
from young and aged mice. J. lmmunol. 112, 1244, 1974. 

Fagreus, A. Antibody production in relation to the development of plasma cells. In 
vivo and in vitro experiments. Acta Med. Scand. Suppl. 204, 3, 1948. 

Feldbush, T.L. Separation of memory cell subpopulations by complement receptors: in 
vivo analysis. Eur. J. lmmunol. 10, 443, 1980. 

Fleming, W.A., Wilkinson, P.C., and White, R.G. Sites of biosynthesis of immunoglobul
ins in guinea-pigs immunized with bacteriophage 0X174. Immunology 13, 613, 1967. 

Foon, K.A., Billing, R.J., Terasaki, P.l., and Cline, M.J. Immunological classification 
of acute lymphoblastic leukemia implications for normal lymphoid differentiation. 
Blood 56, 1120, 1980. 

Ford, C. E., Micklem, H.S., Evans, E.P., Gray, J.G., and Ogden, D.A. The inflow of bone 
marrow eel ls to the thymus: studies with part-body irradiated mice injected with 
chromosome-marked bone marrow and subjected to antigenic stimulation. Ann. N.Y. 
Acad. Sci. 129, 283, 1966. 

Ford, W.L. Lymphocyte migration and immune responses. Prog. Allergy 19, p. 1, Karger, 
Basel, 1975. 

Friedman, H. Distribution of antibody plaque-forming cells in various tissues of sever
al strains of mice injected with sheep erythrocytes. Proc. Soc. exp. Bioi. Med. 
117' 526' 1 964. 

39 



Gale, R.P., Opelz, G., Kiuchi, M., and Golde, D.W. Thymus-dependent lymphocytes in 
human bone marrow. J. Cl in. Invest. 56, 1491, 1975. 

Gardner, I .D., and Blanden, R.V. The cell-mediated immune response to Ectromelia virus 
infection I I. Secondary response in vitro and kinetics of memory T cell production 
in vivo. Cell. lmmunol. 22, 283, 1976. 

Glick, B. The immune response in the chicken: lymphoid development of the Bursa of 
Fabricius and thymus and an immune response role for the gland of Harder. Poultry 
Sci. 57,1441,1978. 

Goldstein, A.L., Thurman, G.B., Cohen, G.H., and Hooper, J.A. Thymosin: chemistry, 
biology and clinical appl'1cations. In: The biological activHy of thymic hormones 
(ed. D.W. van Bekkum), p, 173. Kooijker Scientific Publications, Rotterdam, The 
Netherlands, 1975, 

Gollapudi, V.S.S., and Kind. L.S. Phenotypic correction of low reagin production: A 
genetic defect in the SJL mouse. J. lmmunol. 114, 906, 1975. 

Good, R.A., and Campbel 1, B. Relationship of bone marrow plasmacytosis to changes in 
serum gamma globulin in rheumatic fever. Am. J. Med. 9, 330, 1950. 

Good, R.A. Studies on agammaglobulinemia I 1. Failure of plasma cell formation in the 
bone marrow and lymph nodes of patients with agammaglobulinemia. J. Lab. Cl in. Med. 
46, 16), 1955. 

Gorczynsky, R.M., and MacRae, S. Differentiaton of functionally active mouse T lympho
cytes from functionally inactive bone marrow precursors I. Kinetics of recovery of 
T-cell function in lethally irradiated bone marrow reconstituted thymectomized 
and non-thymectomized mice. lmmunol. 33, 697, 1977a. 

Gorczynsky, R.M., and MacRae, S. Differentiation of functionally active mouse T lympho
cytes from functionally inactive bone marrow precursors I I. Limited recovery ofT
cell responses from mouse bone marrow in tissue culture. Immunology 33, 713, 1977b. 

Gorczynsky, R.M., and MacRae, S. Differentiation of functionally active mouse T lympho
cytes from functionally inactive bone marrow precursors Ill. Induction of T~cell 
activities by growth of bone marrow on feeder layers prepared from mouse thymocytes. 
Immunology 38, 1, 1979a. 

Gorczynsky, R.M., and MacRae, S. Differentiation of functionally active mouse T lympho
cytes from functionally inactive bone marrow precursors IV. Recovery ofT-cell 
function from bone marrow precursors in a histo-incompatible environment. Immunol
ogy 38, 13, 1979b. 

Gorczynsky, R.M., Khomasurya, B., and MacRae, S. MHC restriction of murine T lymphocyte 
reactivity analysed by growth of bone marro1-1 cells in vitro on thymus epithelial 
monolayers. Immunology 38, 835, 1979c. 

Gormsen, H., and Heintzelmann, F. Behaviour of sedimentation reaction, serum protein, 
and sternal punctate in serum sickness. Nord. med. (Hospitalstid.) 11, 2125, 1941. 

Gowans, J.L. The recirculation of lymphocytes from blood to lymph in the rat. J. Phy
siol. London 146, 54, 1959. 

Gowans, J.L., and Knight, E.J. The route of recirculation of lymphocytes in the rat. 
Proc. roy. Soc. B. Bioi. Sci. 159, 257, 1964. 

Greaves, M., and Janossy, G. Patterns of gene expression and the cellular origins of 
human leukaemias. Biochim. Biophys. Acta 516, 193, 1978. 

Gutman, G.A., and Weissman, I.L. Lymphoid tissue architecture. Experimental analysis of 
the origin and distribution ofT-cells and B-cells. Immunology 23, 465, 1972. 

Haaijman, J.J., Schuit, H.R.E., and Hijmans, W. Immunoglobulin-containing cells in differ
ent lymphoid organs of the CBA mouse during its life-span. Immunology 32, 427, 1977. 

Haaijman, J.J., and Hijmans, w. Influence of age on the immunological activity and capac
ity of the CBA mouse. Mech. Ageing and Develop. 3, 375, 1978. 

Haaijman, J.J., Slingerland-Teunissen, J., Benner, R., and van Oudenaren, A. The dis
tribution of cytoplasmic immunoglobulin containing eel Is over various lymphoid 
organs of congenitally athymic (nude) m·lce as a function of age. Immunology 36, 
271, 19)9. 

Haller, 0., and Wigzell, H. Suppression of natural killer cell activity with radio
active strontium: effector cells are marrow dependent. J. lmmunol. 118, 1503, 
1977a. 

Haller, 0., Kiessling, R., Oern, A., and Wigzell, H. Generation of natural killer cells: 
an autonomous function of the bone marrow. J. exp. Med. 145, 1411, 1977b. 

Harding, B., and Maclennan, I.C.M. The distribution of antibody and antibody-producing 
cells after immunization with xenogeneic cells. Immunology 23, 35, 1972-

Hashimoto, M., Hamaguchi, H., Iwamoto, A., et al. Lymph nodules appearing in pathologic 
rabbit bone marrow. J. Kyushu Hematol. Soc. 5, 128, 1955. 

Hayry, P., and Andersson, L.C. Generation ofT memory eel ls in one-way mixed lymphocyte 
culture I I. Anamnestic responses of 1 secondary 1 1 ymphocytes. Scand. J. lmmuno 1. 
3. 823, 1974. 

40 



Herberman, R.B., Nunn, M.E., and Lavrin, D.H. Natural cytotoxic reactivity of mouse lym
phoid eel ls against syngeneic and allogeneic tumors I. Distribution of reactivity 
and specificity. Int. J. Cancer 16, 216, 1975a. 

Herberman, R.B., Nunn, M.E., Holden, H.T., and lavrin, D.H. Natural cytotoxic reactivity 
of mouse lymphoid eel ls against syngeneic and allogeneic tumors I I. Characterization 
of effector cells. Int. J. Cancer 16, 230, 1975b. 

Herberman, R.B., Bartram, S., Haskill, J.S., Nunn, M.E., Holden, H.T., and West, W.H. 
Fe receptors on mouse effector cells mediating natural cytotoxicity against tumor 
cells. J. lmmunol. 119, 322, 1977-

Herberman, R.B., and Holden, H.T. Natural cell-mediated immunity. In: Adv. Cancer Res. 
27 (eds. G. Klein and S. We inhouse), p. 305. Academic Press, New York, 1978a. 

Herberman, R.B., Nunn, M.E., and Holden, H.T. Low density of Thy-1 antigen on mouse 
effector cells mediating natural cytotoxicity against tumor cells. J. lmmunol. 
121, 304, 1978b. 

Herzenberg, L.A., Black, S.J., Tokuhisa, T., and Herzenberg, L.A. Memory B cells at 
successive stages of differentiation. Affinity maturation and the role of lgD 
receptors. J. exp. Med. 151, 1071, 1980. 

Hill, S.W., Distribution of plaque-forming cells in the mouse for a protein antigen. 
Evidence for highly active parathymic lymph nodes following intraperitoneal injec
tion of hen lysozyme. Immunology 30, 895, 1976. 

H01vard, J.C. The life-span and recirculation of marrow-derived small lymphocytes from 
the rat thoracic duct. J. exp. Med. 135, 185, 1972. 

Howard, J.C., and Scott, D.W. The role of recirculating lymphocytes in the immunological 
competence of rat bone marrow cells. Cell. lmmunol. 3, 421, 1972. 

Hurme, M. Immunological memory after priming with a thymus independent antigen, NIP
Ficoll. 4-hydroxy-5-iodo-3-nitrophenylacetyl coupled to polymer of sucrose and 
epichlorhydrin. Acta Pathol. Microbial. Scand. 84C, 345, 1976. 

Hijmans, W., Schuit, H.R.E., and Hulsing-Hesselink, E. An immunofluorescence study on 
intracellular immunoglobulins in human bone marrow eel ls. Ann. N.Y. Acad. Sci. 177, 
290' 1971. 

!shidate, M., and Metcalf, D. The pattern of lymphopoiesis in the mouse thymus after 
cortisone administration or adrenalectomy. Austr. J. exp. Bioi. Med. Sci. 41, 
637' 196). 

JankoviC, B.D., !sakoviC, K., and PetroviC, S. Direct stimulation of lymphoid tissue of 
the chicken. 3. Haemagglutinin production, haemolysin-forming cells and changes in 
the lymphoid tissues following injection of guinea pig erythrocytes into the bone 
marrow. Immunology 25, 663, 1973. 

JankoviC, B.D., and Paunovic, V.R. Immunological responses in the mole rat SpaZ.ax 
!eucodon I. Antibody production delayed hypersensitivity and lymphatic tissue. 
Ann. lmmunol. 124C, 133, 1973. 

Janossy, G., Tidman, N., Papageorgiou, E.S., Kung, P.C. and Goldstein, G. Distribution 
ofT lymphocyte subsets in the human bone marrow and thymus: an analysis with mono
clonal antibodies. J. lmmunol. 126, 1608, 1981. 

Jerne, N.K. In: The annual report 1979 of the Basel Institute for Immunology, p. 13, 
1979. 

Jenkins, E.J., van E>.,rijk, W., and Owen, J.J.T. Major histocompatibility complex antigen 
expression on the epithelium of the developing thymus in normal and nude mice. J. 
exp. Med. 153, 280, 1981. 

Joel, D.O., Chanana, A.D.j Cottier, H., Cronkite, E.P., and Laissue, J.A. Fate of thymo
cytes: studies with 251-iododeoxyuridine and 3H-thymidine in mice. Cel 1 Tissue 
Kinet. 10, 57, 1977. 

Julius, M.H., Masuda, T., and Herzenberg, L.A. Demonstration that antigen-binding cells 
are precursors of antibody-producing eel ls after purification with a fluorescence
activated cell sorter. Proc. Natl. Acad. Sci. 69, 1934, 1972. 

Kadish, J.L., and Basch, R.S. Haemopoietic thymocyte precursors I. Assay and kinetics 
of the appearance of progeny. J. exp. Med. 143, 1082, 1976. 

Kay, H.D., and Horwitz, D.A. Evidence by reactivity with hybridoma antibodies for a 
probable myeloid origin of peripheral blood cells active .in natural cytotoxicity 
and antibody-dependent cell-mediated cytotoxicity. J. Clin. Invest. 66, 847, 1980. 

Keily, S.D., and Abramoff, P. Studies of the chicken immune response Ill. Cellular and 
humoral antibody production in the splenectomized chicken. J. lmmunol. 102, 1058, 
1969. 

Keuning, F.J., Meer, J. van der, Nieuwenhuis, P., and Oudendijk, P. The histophysiology 
of the antibody response I I. Antibody responses and splenic plasma eel 1 reactions 
in sublethally X-irradiated rabbits. Lab. Invest. 12, 156, 1963. 

Kiessling, R., Klein, E., and Wigzell, H. 'Natural' killer cells in the mouse I. Cyto
toxic cells with specificity for mouse Moloney leukemia cells. Specificity and 
distribution according to genotype. Eur. J. lmmunol. 5, 

41 



Kiessling, R., Klein, E., Pross, H., and Wigzell, H. 'Natural' killer cells in the 
mouse I I. Cytotoxic cells with specificity for mouse Moloney leukemia eel Is. 
Characteristics of the killer cell. Eur. J. lmmunol. 5, 117, 1975b. 

Kiess] ing, R., and Wigzell, H. An analyses of the murine NK eel 1 as to structure, 
function and biological relevance. lmmunol. Rev. 44, 165, 1979. 

Kincade, P.W., Moore, M.A.S., Schleg~l, R.A., and Pey, J. 8 lymphocyte differentiation 
from fetal liver stem cells in tl9sr-treated mice. J. lmmunol, 115, 1217, 1975. 

Kind, L.S., and Malloy, W.F. Development of reaginic antibody-forming cells in the 
spleen and bone marrow of immunized mice. J. lmmunol. 112, 1609, 1974. 

Kl impel, G.R., Dorshkind, K., Kl impel, K.D., and Rosse, C. Bone marrow cytotoxic pre
cursor T cells: al loantigen-induced cytotoxic T-cell responses by murine bone mar
row cells in vitro. Cell. lmmunol. 61, 154, 1981. 

Kl inman, N.R. The mechanism of antigenic stimulation of primary and secondary clonal 
precursor cells. J. exp. Med. 136, 241, 1972. 

Knothe, R., Herrlinger, J.D., and MUller-Ruchholtz, W. B cell activity in rat bone 
marrow and spleen during primary and secondary response: dependence on strength 
of antigen. Int. Archs. Allergy appl. lmmun. 59, 99, 1979. 

l<.olouch, F. Origin of bone marrOI'<' plasma cells associated htith allergic and immune 
states in rabbits. Proc. Soc. exp. Biol. Med. 39, 147, 1938. 

Kolouch, F., Good, R.A., and Campbell, B. The reticuloendothelial origin of the bone 
marrow plasma cells in hypersensitive states. J. Lab. Clin. Med. 32, 749, 1947. 

l<.omura, K., and Boyse, E.A. Induction ofT lymphocytes from precursor cells in vitro 
by a product of the thymus. J. exp. Med. 138, 479, 1973. 

Koo, G.C., and Hatzfeld, A. Antigenic phenotype of mouse natural killer cells. In: 
Natural cell-mediated immunity against tumors {ed. R.B. Herberman), p. 105. 
Academic Press, Ne\d York, 1980. 

Koo, G.C., Jacobson, J.B., Hammerling, G.J., and Hammerling, U. Antigenic profile of 
murine natwral killer cells. J. lmmunol. 125, 1003, 1380. 

Kruisbeek, A.M. Thymus dependent immune competence. Effects of ageing, tumour-bearing, 
and thymic humoral factors. Thesis, Utrecht, 1978. 

Kumar, V., Ben-Ezra, J., Bennett, M., and Sonnenfeld, G. Natural killer cells in mice 
treated with 89strontrium: normal target-binding cell numbers but inability to 
kill even after interferon administration. J. lmmunol. 123, 1832, 1979-

Kutteh, W.H., Prince, S.J., and Mestecky, J. Tissue origins of human polymeric and 
monomeric lgA. J. lmmunol. 128, 990, 1982. 

Lala, P.K., Layton, J.E., and Nossal, G.J.V. Maturation of B lymphocytes II. Sequential 
appearance of increasing lgM and lgD in the adult bone marrow. Eur. J. lmmunol. 
9, 39, 1979. 

Landy, M., Sanderson, R.P., and Jackson, A.L. Humoral and cellular aspects of the immune 
response to the somatic antigen of Salmone~la enteritidis. J. exp. Med. 122, 483, 
1965. 

Langevoort, H.L., Asofsky, R.M., Jacobson, E.B., de Vries, T., and Thorbecke, G.J. 
y-globul in and antibody formation in vitro I I. Parallel observations on histologic 
changes and on antibody formation in the \<Jhite and red pulp of the rabbit spleen 
during the primary response, \'lith special reference to the effect of endotoxin. 
J. immunol. 90, 60, 1963. 

Lawton, A.R., and Cooper, M.D. Modification of B lymphocyte differentiation by anti
immunoglobulins. In: Contemp. Topics lmmunobiol. 3 (eds. M.D. Cooper and N.L. 
Warner), p. 193. Plenum Press, Ne11 York, 1974. 

Ledbetter, J.A., Rouse, R.V., Mickelm, H.S., and Herzenberg, L.A. T cell subsets defined 
by expression of Lyt 1 ,2,3 and Thy-1 antigens. Tl'.lo-parameter immunofluorescence and 
cytotoxic-Ity. Analysis 1~ith monoclonal antibodies modifies current views. J. exp. 
Med. 152, 280, 1980. 

LeDouarin, N.M. Ontogeny of primary lymphoid organs. In: BandT cells in immune recog
nition (eds. F. Loor and G.E. Roelants), p. 1. John Wiley and Sons, London, 1977. 

Lepault, F., and Weissman, I.L. An in 'Avo assay for thymus-homing bone marrO\oJ cells. 
Nature 293, 151, 1981. 

Levitt, D., and Cooper, M.D. Mouse pre-B eel ls synthesize and secrete~ heavy chains but 
not 1 ight chains. Cell 19, 617, 1980. 

Levy, J.P., and Leclerc, J.C. The immune sarcoma virus-induced tumor: exception or gener
al model in tumor immunology. Adv. Cancer Res. 24, 1, 1977-

Le~o.tis, G.l<.., Ranken, R., Nitecki, D.E., and Goodman, J.W. Murine B-cell subpopulations 
responsive toT-dependent and T-independent antigens. J. exp. Med. 144, 382, 1976. 

Lindahl, K.-F., and Rajewsky, K. T cell recognition: genes, molecules, and functions. In: 

42 

Defense and recognition I Ia, cellular aspects. Int. Rev. Biochem. 22 (ed. E.S. 
Lennox), p. 97. University Park Press, Baltimore, 1973. 



Lohmann-Matthes, M.-l., and Domzig, W. Natural cytotoxicity of macrophage precursor cells 
and of mature macrophages. In: Natural and eel ]-mediated immunity against tumors 
(ed. R.B. Herberman), p. 117. Academic Press, New York, 1980. 

Lozzio, B.S., and \-Jargon, L.B. Immune competence of hereditarily asplenic mice. Immunol
ogy 27, 167, 1974. 

LUdke, H. Ueber AntikOrperbildung in kulturen lebender KOrperzellen. Berl. Kl in. \o.lschr. 
49, 10)4, 1912, 

Lukasewycz, O.A., Duffey, P.S., and Murphy, W.H. Immune mechanisms in leukemia: protec
tive capacity of the major lymphoid cell compartments. J. lmmunol. 116, 976, 1976. 

MacDonald, H.R., Sordat, B., Cerottini, J.-C., and Brunner, K. Generation of cytotoxic 
T lymphocytes in vitro IV. Functional activation of memory eel ls in the absence of 
DNA synthesis. J. exp. Med. 142, 622, 1975. 

MacDonald, H.R., Cerottini, J.-C., Ryser, J.-E., Maryanski, J.L., Taswell, C., Widmer, 
M.B., and Brunner, K.T. Quantitation and cloning of cytolytic T lymphocytes and 
their precursors. Immunological Rev. 51, 93, 1980. 

Maeda, K., Hyun, B.H., and Rebuck, J.W. Lymphoid fall icles in bone marrow aspirates. 
Am. J. Clin. Pathol. 67, 41, 1977. 

McMillan, R., Longmire, R.L., Yelenosky, R., Lang, J.E., Heath, V., and Craddock, Ch.G. 
lmmunoglobul in synthesis by human lymphoid tissues: normal bone marrow as a major 
site of lgG production. J. lmmunol. 109, 1386, 1972. 

McMillan, R., Yelenosky, R.J., and Longmire, R.L. Antiplatelet antibody production by 
the spleen and bone marrow in immune thrombocytopenic purpura. In: Immune-aspects 
of the spleen (eds. J.R. Battista and J.W. Streilein), p. 227. Elsevier/North 
Holland Biomedical Press, Amsterdam, 1976. 

Maraoka, S., and Miller, R.G. Cells in bone marrow and in T cell colonies grown from 
bone marrov1 can suppress generation of cytotoxic T lymphocytes directed against 
their self antigens. J. exp. Med. 152, 54, 1980. 

Marshal-Clarke, S., Chayen, A., and Parkhouse, R.M.E. Differential representation of a 
surface antigen on virgin and memory B cells. In: B lymphocyte in the immune re
sponse: functional, developmental and interactive properties (eds. N. Kl inman, 
D.E. Mosier, I. Scher, and E.S. Vitetta), p. 95. Elsevier/North Holland, 1981. 

Martin, L.N., and Leslie, G.A. Lymphocyte surface lgD and lgM in Macaca monkeys: ontog
eny, tissue distribution, and occurrence on individual lymphocytes. Immunology 
)), 865, 1977, 

MarusiC, M. Transfer of immunity by transfer of bone marrow eel ls: T-cell dependency. 
Cell. lmmunol. 38, 440, 1978. 

Mason,D.W. The class of surface immunoglobulin on cells carrying lgG memory in rat tho
racic duct lymph: the size of the subpopulation mediating lgG memory. J. exp. Med. 
14), 1122, 19)6, 

Mattes, N.J., Sharrm..r, S.O., Herberman, R.B., and Holden, H.T. Identification and 
separation of Thy-1 positive mouse spleen cells active in natural cytotoxicity 
and antibody-dependent cell-mediated cytoxicity. J. lmmunol. 123, 2851, 1979. 

Melchers, F., and Andersson, J. Synthesis, surface deposition and secretion of immuno
globulin M in bone marrow-derived lymphocytes before and after mitogenic stimula
tion. Transplant. Rev. 14, 76, 1973. 

Melchers, F., Anderson, J., and Phillips, R.A. Ontogeny of murine B lymphocytes: 
Development of lg synthesis and of reactivities to mitogens and to anti-lg anti
bodies. Cold Spring Harbor Symposia on Quantitative Biology XLI. Origins of lym
phocytes diversity. p. 147, 1977. 

Mellbye, O.J. Antibody-producing cells in bone marrow and other lymphoid tissues during 
the primary immune response in mice. Int. Arch. Allergy 40, 248, 1971. 

Mendel ow, B., Grobicki, D., Katz, J., and Metz, J. Separation of normal mature bone mar
row plasma cells. Br. J. Haematol. 45, 251, 1980. 

Metcalf, D. The thymus. In: Recent studies in cancer research 5. Springer Verlag, 
Berlin, 1966. 

Miller, J.F.A.P. and Davies, A.J.S. Embryological development of the immune mechanism. 
Ann. Rev. Med. 15, 23, 1964. 

Miller, J.F.A.P., and Osoba, D. Current concepts of the immunological function of the 
thymus. Physiol. Rev. 47, 437, 1967. 

Miller, J.F.A.P., and Mitchell, G.F. Cell-to-cell interaction in the immune response I. 
Hemolysin-forming cells in neonatally thymectomized mice reconstituted with thymus 
or thoracic duct lymphocytes. J. exp. Med. 128, 801, 1968. 

Miller, J.F.A.P., and Mitchell, G.F. Thymus and antigen-reactive cells. Transpl. Rev. 
1' 3' 1969, 

Miller, J.F.A.P., and Sprent, J. Cell-to-cell interaction in the immune response VI. 
Contribution to thymus-derived cells and antibody-forming cell precursors to immu
nological memory. J. exp. Med. 134, 66, 1971. 

43 



Miller, J.J., Ill, and Nossal, G.J.V. Antigens in immunity VI. The phagocytic reticulum 
of lymph node follicles. J. exp. Med. 120, 1075, 1964. 

Miller, S.C., and Osmond, D.G. Lymphocyte populations in mouse bone marro1o~: quantita
tive kinetic studies in young, pubertal and adult C3H mice. Cell Tissue Kinet. 
8, 97, 1975. 

Mitchison, N.A. Immunological tolerance. A reassessment of mechanisms of the immune re
sponse (eds. M. Laundy and W. Braun), p. 149. Academic Press, Nev1 York, 1969. 

Morell, A., Skvaril, F., Hijmans, W., and Scherz, R. Cytoplasmic immunofluorescence of 
bone marrow plasma cells producing immunoglobulins of the four lgG subclasses. J. 
lmmunol. 115, 579, 1975. 

Nedelkova, M., and Dobreva, A. Antiki:irper bildende Zellen im l<nochenmark. Folia Haema
tol. 95, 366, 1971. 

Nieuwenhuis, P. On the origin and fate of immunologically competent cells. Thesis, 
Groningen, 1971. 

Nieuwenhuis, P., Nouhuijs, C.E. van, Eggens, J.H., and Keuning, F.J. Germinal centers 
and the origin of the B-cell system I. Germinal centres in the rabbit appendix. 
Immunology 26, 497, 1974. 

Nossal, G.J.V. Cellular genetics of immune responses. Adv. lmmunol. 2, 163, Academic 
Press, New York, 1962. 

Norin, A.J., and Emeson, E.E. Effects of restoring lethally irradiated mice with anti
Thy 1 .2-treated bone marrow: graft-vs-host, host-vs-graft, and mitogen reactivity. 
J, lmmunol. 120, 754, 1978. 

Nunn, M.E., Herberman, R.B., and Holden, H.T. Natural eel !-mediated cytoxicity in mice 
against non-lymphoid tumor cells and some normal cells. Int. J. Cancer 20, 381, 
1977. 

Oehler, J.R., Lindsay, L.R., Nunn, M.E., and Herberman, R.B. Natural cell-mediated 
cytoxicity in rats I. Tissue and strain distribution, and demonstration of a mem
brane receptor for the Fe portion of lgG. Int. J. Cancer 21, 204, 1978. 

Okumura, K., Julius, M.H., Tsu, T., Herzenberg, L.A., and Herzenberg, L.A. Demonstration 
that lgG memory is carried by lgG-bearing cells. J. Eur. lmmunol. 6, 467, 1976. 

Ortaldo, J.R., Sharrow, S.O., Timonen, T., and Herberman, R.B. Determination of surface 
antigens on highly purified human NK eel ls by flow cytometry with monoclonal anti
bodies. J. lmmunol. 127, 2401, 1981. 

Osmond, D.G., and Nossal, G.J.V. Differentiation of lymphocytes in mouse bone marr01o1 I. 
Quantitative radio autographic studies of antiglobulin-binding by lymphocytes in 
bone marrow and lymphoid tissue. Cell, lmmunol. 13, 117, 1974. 

Osmond, D.G. Formation and maturation of bone marrmo~ lymphocytes. J. Reticuloendothel. 
Soc. 17, 99, 1975. 

Osmond, D. G., and Rahal, M.D. Differentiation of bone marrow lymphocytes: expression 
of surface Ia and H-2K antigens. Anat. Rec. 190, 497, 1978. 

Osmond, O.G., and Gordon, J. Characterization of small lymphocytes in the bone marrow 
of mice after prolonged treatment with anti-lgM antibodies. Cell. lmmunol. 42, 
1 88, 1979. 

Osmond, D.G. Production and differentiation of 8 lymphocytes in the bone marrmo~ In: 
Immunoglobulin genes and 8 cell differentiation (eds. J.L. Battista and R.L. Knight), 
p. 1)5, 1980. 

Osmond, D.G., Fahlman, M.T.E., Fulop, G.M., and Rahal, D.M. Regulation and local'1zation 
of lymphocyte production in the bone marr01v. In: Microenvironment in haemopoietic 
and lymphoid differentiation (Ciba Foundation Symposium 84), p. 68. Pitman, London, 
1981. 

Owen, J.J.T., Jordan, R.K., Robinson, J.H., Singh, U., and Willcox, H.N.A. In vitro 
studies on the generation of lymphocyte diversity. Cold Spring Harbor Symp. Quant. 
Biol. XLI, 129, 1977a. 

Owen, J.J.T., Wright, O.E., Habu, S., Raff, M.C., and Cooper, M.D. Studies on the gener
ation of B lymphocytes in fetal liver and bone marrO'tl. J. lmmunol. 118, 2067, 
19))b. 

Owen, J.J.T. Developmental aspects of the lymphoid system, In: Defense and recognition 
II. Cellular aspects. Int. Rev. Biochem. 22 (ed. E.S. Lennox), p. 1. University 
Park Press, Baltimore, 1979. 

Pabst, R., Nowara, E., and Pi:itschick, K. Homing pattern of newly formed splenic lympho
cytes. Adv. Exp. Med. Biol., in press, 1982. 

Parish, C.R., and Chilcott, A.B. Functional significance of the complement receptors or. 
B 1 ymphocytes. Cell. lmmunol. 20, 290, 1975. 

Parkhouse, R.M.E., and Dresser, D.W, Effect of anti-lgD serum on immune responses. In: 

44 

Secretory immunity and infection. Adv. Exp. Med. Bioi. 107 (eds. J.R. McGhee, 
J. Mestecky, and J.L. Babb), p. 43. Plenum Press, New York, 1978. 



Parrot, D.M.V., and De Sousa, M.A. B. Thymus-dependent and thymus-independent populations: 
origin, migratory patterns and lifespan. Clin. Exp. lmmunol. 8, 663, 1971. 

Pazimo, N.H., lhle, J.N., and Goldstein, A.L. Induction in vivo and in vitro of termi
nal deoxynucleotidyl transferase by thymosin in bone marrow cells from athymic 
mice. J. exp. Med. 147, 708, 1978. 

Petrov, R.V., Mikhajlova, A.A., Stepanenko, R.N., and Zakharova, L.A. Cell interactions 
in the immune response: Effect of humoral factor released from mouse bone marrow 
cells on the quantity of mature antibody producers in culture of immune lymph node 
cells. Cell. lmmunol. 17, 342, 1975. 

Pfeiffer, R., and Marx. Die B i 1 dungsstatte der Cho 1 era Schutzstoffe. Z. Hyg. u. I nfec
tionskrankh. 27, 272, 1898. 

Phillips, R.A., Melchers, F., and Miller, R.C. Stem cells and the ontogeny of B lympho
cytes. In: Progress in immunology val. 111 (eds. T.E. Mandel, C. Cheers, C.S. 
Hosking, I.F.C. McKenzie, and G.J.V. Nossal), p. 155. North Holland Publishing 
Camp., Amsterdam, 1977. 

Phillips-Quagliata, J.M., Wertenbakker, C., Bensinger, D.O., and Quagliata, F. Cellular 
events in tolerance I I. Thymus-bone marrow cell cooperation in the immune response 
to BSA in Wistar Furth rats. Cell. lmmunol. 4, 134, 1972. 

Pierce, C.W., Solliday, S.M., and Asofsky, R. Immune responses in vitro V. Suppression 
of yM, yG, and yA plaque-forming cell responses in cultures of primed mouse spleen 
cells by class-specific antibody to mouse immunoglobulins. J. exp. Med. 135, 698, 
1972. 

Pollack, S.B., Tam, M.R., Nowinski, R.G., and Emmons, S.L. Presence ofT cell-associated 
surface antigens on murine NK cells. J. lmmunol. 123, 1818, 1979. 

Poppema, S., Bhan, A.K., Reinherz, E.L., McCluskey, R.T., and Schlossman, S.F. Distri
bution ofT eel 1 subsets in human lymph nodes. J. exp. Med. 153, 30, 1981. 

Press, O.W., Rosse, C., and Clagett, J. Phytohaemagglutinin-induced differentiation and 
blastogenesis of precursor T cells from bone marrow. J. exp. Med. 146, 735, 1977. 

Press, O.W., and Rosse, C. Differences in 1 ifespan and rate of turnover between phy
tohaemagglutinin responsive cells of the bone marrow and of peripheral lymphoid 
organs. Immunology 34, 539, 1978. 

Radl, J., Schuit, H.R.E., Mestecky, J., and Hijmans, W. The origin of monomeric and 
polymeric forms of lgA in man. In: The immunoglobulin A system (eds. J. Mestecky 
and A.R. Lawton), p. 57. Plenum Press, New York, 1974. 

Raff, M.C., Megson, M., Owen, J.J.T., and Cooper, M.D. Early production of intracellular 
lgM by B-lymphocyte precursors in mouse. Nature 259, 224, 1976. 

Reiter, H. Studien Uber Antiki5rper: Bildung in vivo und in Gewebskulturen. Z. lmmuni
t6tsforsch. und exp. Therap. 18, 5, 1913. 

Reynolds, C.W., Sharrow, S.D., Ortaldo, J.R., and Herberman, R.B. Natural killer activ
ity in the rat II. Analysis of surface antigens on LGL by flow cytometry. J. 
lmmunol. 127, 2204, 1981. 

Reynolds, C.W., Timonen, T., Holden, H.T., Hansen, T., and Herberman, R.B. J. lmmunol. 
in press. 

Rice, F.A.H., Das, N.D., and Koo, M.J. Effect of leucogenol on origin of hemolysin in 
normal and splenectomized rats. Proc. Soc. exp. Med. 141, 222, 1972. 

Roelants, G.E., Loor, F., von Boehmer, H., Sprent, J., Hagg, L.-8., Mayor, K.S., and 
Ryden, A. Five types of lymphocytes (lg-8-, lg-8+week, lg-8+strong, lg+8- and 
lg+8+) characterized by double immunofluorescence and electrophoretic mobility. 
Organ distribution in normal and nude mice. Eur. J. lmmunol. 5, 127, 1975. 

Roelants, G.E., Mayor, K.S., H6gg, L.-B., and Loor, F. Immature T lineage lymphocytes 
in athymic mice. Presence of Tl, lifespan, and homeostatic regulation. Eur. J. 
lmmunol. 6, 75, 1976. · 

Ri5pke, C., and Everett, N.B. Small lymphocyte population in the mouse bone marrow. Cel 1 
Tissue Kinet. 6, 499, 1973. 

ROpke, C., Hougen, H.P., and Everett, N.B. Long-lived T and B lymphocytes in the bone 
marrow and thoracic duct lymph of the mouse. Cell. lmmunol. 15, 82, 1975. 

Ri5pke, C. Kinetics of theta-positive and theta-negative lymphocytes in thymus-derived 
and normal mice. An autoradiographic study. Scand. J. lmmunol. 6, 291, 1977a. 

ROpke, C. Theta-bearing cells in the bone marrow of thymus-deprived mice. Scand. J. 
lmmunol. 6, 228, 1977b. 

ROpke, C. Separation and functional analysis of subpopulations ofT cells in the bone 
marrow of the mouse. Scand. J. lmmunol. 12, 339, 1980. 

ROpke, C. Characterization of Thy 1.2 positive cells in mouse bone marrow by sedimen
tation and mitogen stimulation. Immunology 42, 385, 1981. 

Rosse, C. Small lymphocyte and transitional eel 1 populations of the bone marrow; their 
role in the mediation of immune and hemopoietic progenitor cell functions. Int. 
Rev. Cytol. 45, 155, 1976. 

45 



Razing, J., Buurman, W.A., and Benner, P-. B lymphocyte differentiation in lethally 
irradiated and reconstituted mice I. The effect of strontrium-89 induced bone marrow 
aplasia on the recovery of the B cell compartment in t'1c.: soleen. Cell. lmmunol. 24, 
79, 1976. 

Razing, J., Brons, N.H.C., van Ewijk, W., and Benner, R. B lymJ:-hocyte differentiation in 
lethally irradiated and reconstituted mice. A histological study using immuno
fluorescent detection of B lymphocytes. Cell Tiss. Res. 189, 19, 1978. 

Ryser, J.-E., and MacDonald, H.R. Limiting dilution analysis of alloantigen-reactive T 
lymphocytes Ill. Effect of priming on precursor frequencies. J. lmmunol. 123,128, 
1979-

Rywlin, A.M., Ortega, R.S., and Dominguez, C.J. Lymphoid nodules of bone marrow: normal 
and abnormal. Blood 43, 389, 1974. 

Schaffner, T., Hess, M.W., Cottier, H. A repraissal of bursal functions. Ser. Haematol. 
val. VII, 568, 1974. 

Scheid, M.P., Golstein, G., and Boyse, E.A. Differentiation of T cells in nude mice. 
Science 190, 1211, 1975, 

Schlegel, R.A., and Shortman, K. Antigen-initiated B lymphocyte differentiation IV. The 
adherence properties of antibody-forming cell progenitors from primed and unprimed 
m'tce. J. lmmunol. 115, 94, 1975a. 

Schlegel, R.A., von Boehmer, H., and Shortman, K, Antigen-initiated B lymphocyte differ
entiation V. Electrophoretic separation of different subpopulations of AFC progen
itors for unprimed lgM and memory lgG responses to the NIP determinant. Cell. 
lmmunol. 16, 203, 1975b. 

Schrader, J.W. Evidence for the presence in unimmunized mice of two populations of bone 
marrm·1 derived B lymphocytes defined by differences in adherence properties. Cell. 
lmmunol. 10, 380, 1974. 

Scollay, R.G., Butcher, E.C., and Weissman, I.L. Thymus cell migration. Quantitative 
aspects of cellular traffic from the thymus to the periphery in mice. Eur. J. 
lmmunol. 10, 210, 1980. 

Sedgley, M., and Ford, W.L. The migration of lymphocytes across specialized vascular 
endothelium I. The entry of lymphocytes into the isolated mesenteric lymph node of 
the rat. Cell Tissue Kinet. 9, 231,1976. 

Shortman, K. The pathway ofT-cell development within the thymus. In: Progress lmmunoL 
111 (eds. T.E. Mandel, C. Cheers, C.S. Hosking, I .F. C. McKenzie and G.J.V. Nos sal), 
p. 197. North Holland Publishing Company, Amsterdam, 1977. 

Singhal, S.K., King, S., and Drury, P.J. Antibody-inhibiting activity of bone marrm-1 
cells in vitM. Int. Arch. Allergy 43, 934, 1972. 

Skvaril, F., and Morell, A. Distribution of lgA subclasses in sera and bone marrow plasma 
cells of 21 normal individuals. In: The immunoglobulin A system (eds. J. Mestecky 
and A.R. Lawton), p. 433. Plenum Press, New York, 1974. 

Sprent, J. Migration ofT and B lymphocytes in the mouse I. Migratory properties. Cell. 
lmmunol. 7, 10, 1973a. 

Sprent, J., and Basten, A. C i rcu 1 at i ng T and B lymphocytes of the mouse I I. Lifespan. 
Cell. lmmunol. 7, 40, 1973b. 

Sprent, J. Recirculating lymphocytes. In: The lymphocyte structure and function (ed. 
J.J. Marchalonis), p. 43. Marcel Dekker Inc., New York, 1977. 

Stevens, S.K., Weissman, I.L., and Butcher, E.C. Differences in the migration of Band 
T lymphocytes: organ-selective localization in vivo and the role of lymphocyte
endothelial cell recognition. J. lmmunol. 128, 844, 1982. 

Strober, S. Initiation of antibody responses by different classes of lymphocytes V. 
Fundamental changes in the physiological characteristics of virgin thymus-indepen
dent ('B') lymphocytes and ('B') memory cells. J. exp. Med. 136, 851, 1972. 

Strober, S., and Dilley, J. Biological characteristics ofT and B memory lymphocytes in 
the rat. J. exp. Med. 137, 1275, 1973a. 

Strober, S., and Dilley, J. Maturation of B lymphocytes in the rat I. Migration pattern, 
tissue distribution and turnover rate of unprimed and primed B lymphocytes involved 
in the adoptive antidinitrophenyl response. J. exp. Med. 138, 1331, 1973b. 

Streb• , S. Immune function cell surface characteristics and maturation of B cell sub
p:>pulations. Transpl. Rev. 24, 84, 1975. 

Stutman, 0. The postthymic precursor cell. In: The biological activity of thymic hormones 
(ed. D.W. van Bekkum), p. 87. Kooijker Scientific Publications, Rotterdam, 1975. 

Stutman, 0. lntrathymic and extrathymic T cell maturation. lmmunol. Rev. 42, 138, 1978. 
Taylor, M., and Simpson, E. Immunological reactivity of B mice reconstituted 1'1ith various 

numbers of syngeneic bone marro1t1 cells. Transplantation 21, 23, 1976. 
Thorbecke, G.J., and Keuning, F.J. Antibody formation in -JitY'o by haemopoietic organs 

after subcutaneous and intravenous immunization. J. lmmunol. 70, 129, 1953. 

46 



Thorbecke, G.J. Over de vorming van anti] ichamen en gammaglobul ine in vitro in bloedvor
mende organen. Thesis, Groningen, 1954. 

Thorbecke, G.J., and Keuning, F.J. Antibody and gamma globulin formation in vitro in 
haemopoietic organs. J. Infect. Dis. 93, 157, 1956. 

Thorbecke, G.J. Gamma globulin and antibody formation in vitro I. Gamma globulin for
mation in tissues from immature and normal adult rabbits. J. exp. Med. 112, 279, 
1960. 

Thorbecke, G.J., Asofsky, R.M., Hochwald, G.M., and Siskind, G.W. Antibody production 
in vitro by spleen and bone marrow at various days after injection of antigen. 
Fed. Proc. 20, 25, 1961. 

Thorbecke, G.J., Asofsky, R.M., Hochwald, G.M., and Siskind, G.W. Gammaglobul in and 
anti body formation in vitro I I I . Induction of secondary response at different 
intervals after primary; the role of secondary nodules in the preparation for the 
secondary response. J. exp. Med. 116, 295, 1962. 

Thorbecke, G.J., Asofsky, R.M., Hoch1-.rald, G.M.
14

and Jacobson, E.B., Autoradiography 
of immunoelectrophoresis in the study of C aminoacid incorporation into serum 
proteins by tissues in vitro and in vivo. In: Protides of the biological fluids. 
(ed. H. Peeters), p. 125. Elsevier, Amsterdam, 1964. 

Trainin, N., Small, M., and Kook, A. I. The role of thymic hormones in regulation of the 
lymphoid system. In: BandT cells in immune recognition (Eds. F. loor and G.E. 
Roelants), p. 83. John Wiley & Sons ltd., London, 1977. 

Turesson, I. Distribution of immunoglobulin-containing cells in human bone marrow and 
lymphoid tissues. Acta Med. Scand. 199, 293, 1976. 

Umetsu, D.T., Chapman-Alexander, J.M., and Thorbecke, G.J. Cross-priming of murine B 
cells with TNP conjugates of hemocyanin and Ficoll: characteristics of primed B 
cells responding to both antigens. J. lmmunol. 123, 396, 1979. 

van Camp, B.G.K., Schuit, H.R.E., Hijmans, W., and Radl, J. The cellular basis of double 
paraproteinaemia in man. Clin. lmmunol. lmmunopathol. 9, 111, 1978. 

van der Kwast, Th.H., Bianchi, A.T.J., Bril, H., and Benner, R. Suppression of antigraft 
immunity by preimmunization I. Kinetic aspects and specificity. Transplantation 
)1. 79, 1981. 

van Ewijk, W., Razing, J., Brons, N.H. C., and Klepper, D. Cellular events during pri
mary immune response in the spleen. A fluorescence-, light- and electronmicroscopic 
study in germfree mice. Cell Tiss. Res. 183, 471, 1977. 

van Ewijk, W., van Soest, P.l., and van der Engh. G.J. Fluorescence analysis and ana
tomic distribution of mouse T lymphocyte subsets defined by monoclonal antibodies 
to the antigens Thy-1, lyt-1, Lyt-2 and T200. J. lmmunol. 127,2594, 1981. 

van Furth, R., Schuit, H.R.E., and Hijmans, W. The formation of immunoglobulins by 
human tissues in vitro Ill. Spleen, lymph nodes, bone marrow and thymus. Immuno
logy 11, 19, 1966. 

Vaughan, J.H., Chihara, T., Moore, T.L., Robbins, D.L., Tannimoto, K., Johnson, J.S., 
and McMillan, R. Rheumatoid factor-producing cells detected by direct hemolytic 
plaque assay. J. Clin. Invest. 58, 933, 1976. 

von Boehmer, H. , and Byrd, W .J. Responsiveness of thymus ce 11 s to syngeneic and a llo
geneic lymphoid cells. Nature New Biol. 235, 50, 1972. 

Vossen, J.M.J.J. The development of the B immune system in man. Thesis, Leiden, 1975. 
Wagner, H., GOtze, D., Ptschelinzew, L., and ROllinghoff, M. Induction of cytotoxic T 

lymphocytes against !-region-coded determinants: in vitro evidence for a third 
histocompatibility locus in the mouse. J. exp. Med. 142, 1477, 1975. 

Wakefield, J.D., and Thorbecke, G.J. Relationship of germinal centres in lymphoid 
tissue to immunological memory I. Evidence for the formation of small lymphocytes 
upon transfer of primed splenic white pulp to syngeneic mice. J. exp. Med. 128, 
1 53, 1968a. 

Wakefield, J.D., and Thorbecke, G.J. Relationship of germinal centres in lymphoid 
tissue to immunological memory I I. The detection of primed cells and their prolif
eration upon cell transfer to lethally irradiated syngeneic mice. J. exp. Med. 
128. 171. 1968b. 

Waksman, B.H., Arnason, B.G., and Jankovic, B.D. Role of the thymus in immune reactions 
in rats Ill. Changes in the lymphoid organs of thymectomized rats. J. exp. Med. 
116. 187. 1962. 

Waksman, B. H., Raff, M.G., and East, J. T and B lymphocytes in New Zealand black mice. 
An analysis of the theta, TL and MBLA markers. Cl in. exp. lmmunol. 11, 1, 1972. 

Weber, W.T. Proliferative and functional capacity of bursal lymphocytes after transfer 
to aggamaglobul inemic chicks. Cell. lmmunol. 4, 51, 1972. 

Weetman, A.P., McGregor, A.M., Dennie, D., and Hall, R. Sites of autoantibody production 
in experimental autoimmune thyroiditis (EAT). In: Abstracts of the Autumn Meeting 
of the Brit. Soc. lmmunol. p. 18, 1981. 

47 



en kundig alle manuscripten van de publ ikaties heeft getypt, maar oak 
met veel geduld ervoor heeft gezorgd dat dit boekwerkje werd wat het is. 

Tenslotte wil ik van deze gelegenheid gebruik maken mijn ouders 
te bedanken voor de bijzondere wijze waarop ZIJ miJ in m1Jn jeugd heb
ben begeleld en gestimuleerd en voor de gelegenheid die zlj mij geboden 
hebben mij verder te ontwikkelen. 

Adrianne, de plaats waarop je hier in het dankwoord vermeld wordt, 
is misschien wel symptomatisch voor de plaats die je in de afgelopen 
jaren 1 moest 1 innemen. Voor de vrijheid die je me daarvoor gegeven hebt 
ben ik je dankbaarder dan ik hier in een enkel woord kan zeggen. We 
hebben het er dus nag wel over onder de kersenbomen. 
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INDUCTION OF ANTIBODY FORMATION IN MOUSE BOI1lE l1ARROrY 

Robbert Benner~ Adri«aus van Oudenaren and Guus Koch 

Dept. of Cell Biology and Genetics~ Erasmus University, Rotterdam, 
The Netherlands. 

I. IIITRODUCTIOII 

Since the last decade of the nineteenth century, papers have 
appeared in the 1 iterature presenting evidence that antibody formation 
in frogs and a variety of higher vertebrates, including humans, may 
take place not only in peripheral lymphoid organs but also in the bone 
marrow (summarized in Benner and Haaijman, 1980). This evidence has 
been obtained in studies showing that after (often intensive) antigenic 
stimulation (1) extracts of bone marrow contain high concentrations of 
specific antibodies, {2) bone marrow cells produce and release anti
bodies and immunoglobulins (lg 1 s), (3) the incidence of plasma cells in 
the bone marrow increases, and (4) antibody-producing plaque-forming 
cells (PFCs) occur in the marrow. 

lmmunoglobul in synthesis occurs in the bone marrow of unintention
ally immunized animals and in humans as well. This can be demonstrated 
(1) in short-term in vitro cultures {Askonas and White, 1956; McMillan 
et al., 1972); (2) by means of the protein A plaque assay, which is an 
appropriate assay for enumerating lg-secreting eel ls irrespective of 
V region specificity (Benner et al., 1981); and (3) by methods involv
ing cytoplasmic fluorescence of plasmablasts and plasma cells (Hijmans 
et al., 1971; Haaijman et al., 1979). In fact, in adult mice (Section 
VI, F) and in humans the marrow is the major site of lg synthesis. For 
humans this conclusion is based upon parallel determination of serum lg 
levels and the number of cytoplasmic lg-containing plasmablasts and 
plasma cells (C-Ig cells) in various lymphoid organs of the same indi
vidual. The lgM-IgG-IgA class distribution profile and the K-\ ratio 
of the C-lg eel ls in the bone marrow correlated with the levels of the 
various lg classes and 1 ight chains in the serum after correction for 
pool size and metabolic rate. This correlation was not found when the 
C-lg cell patterns of other lymphoid organs were compared with the 
serum lg spectrum. The same correlation between C-lg eel ls in tne bone 
marrow and lg levels in the serum was found in separate studies involv
ing lgD, the subclasses of lgG and lgA, and monomeric and polymeric 
lgA (Hijmans, 1975; Turesson, 1976). 

Nevertheless, the bone marrow has never generally been accepted as 
a site of antibody formation in addition to the spleen, the lymph nodes 
and the gut-associated lymphoid tissues. This may be due to the fact 
that in virtually all studies involving the most popular experimental 
animal in immunological research, the mouse, little or no antibody 
formation was found in the marrmv after immunization. This chapter \Vill 
discuss the critical factors accounting for these negative results 
(Section VI). 
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.fi. COLLECTION OF MOUSE BONE' MARROW CELLS 

A. Collection of Marrow from Femurs 

Mouse bone marrow is most easily collected from the femur. A mouse 
is killed with C02 or cervical dislocation and pinned with its back 
upon a tray of cork; the fore- and hindlegs are then spread apart. 
Four pins are used per mouse, one for each leg. The skin can most 
easily be cut after wetting with 70% ethanol in water. The procedure 
for removing the femur is illustrated in Fig. 1. A large piece of skin 
should be cut from the hindleg and the lower abdomen in order to pro
vide a good vie>v of the \oiOrking area (Fig. la and lb). The tendon of 
the knee is then cut, so that the rectus femoris can be lifted. It is 
crucial to do this carefully, so that no muscle tissue remains on the 

Figure 1. Procedure for removing the femur of a mouse. For description see text. 
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Figure 2, Procedure for the preparation of the bone marrow from a mouse femur. For des
cription see text. 

upper side of the femur (Fig. lc and ld). Subsequently the femur is 
slightly 1 ifted with surgical forcepts, and the knee joint is cut 
(Fig. le). The femur is 1 ifted again, and the muscles on the lower side 
are cut. Finally, the femur is elevated so that the joint capsule which 
keeps the head of the femur toward the ilium becomes stretched and 
::an be cut (Fiq. lf). 

Before isolating the bone marrow from the femur, the residual 
muscle tissue is removed with a tissue. The marrow can most easily be 
isolated after cutting the head of the femur and a small piece of the 
greater trochanter on the upper side, and a small piece of the condyle 
on the lower side. By means of a 2- or 5-ml syringe equipped with a 
25G x 0.6 needle, a hole is pricked in both spongious ends of the 
femur. Then the marrow is collected by flushing the marrow cavity with 
1 or 2 ml of a balanced salt solution (BSS) from the syringe (Fig. 2). 
Whether or not the marrow has been completely extracted from the femur 
can be judged from the color of the shaft. Bone marrow from long bones 
other than femurs can be similarly isolated by flushing the marrow 
cavity with BSS. 

A single-cell suspension from the bone marrow can most easily be 
obtained by gently squeezing the latter through a nylon gauze filter 
with 100 ~m openings (Stokvis and Smits Textielmij. Haarlem, The 
Netherlands). The nylon is stretched between two aluminium rings with 
a diameter of 3 em. This setup is used in combination with a 50 ml 
glass beaker (Fig. 3). 
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Figure 3. Nylon gauze filter for preparation of s·rngle-cell suspensions. 

B. Collection of Marrow from Flat Bones 

Bone marrow from a flat bone is not easily isolated by flushing 
the marrow cavity. Therefore we prefer to break the bone in BSS with 
a mortar and pestle. When this is done carefully, the viability of the 
bone marrow cells is equal to that obtained after flushing long bones 
with BSS, i.e., over 90%. large bone fragments can be removed by cen
trifuging for 30 sec at 125 g. Tiny bone fragments can be separated 
from the marrow by gently squeezing the supernatant through a nylon 
gauze filter with 100 ]..lm or, if necessary, 30 ]..lm openings. 

III. DISTRIBUTION OF ANTIBODY-FORMING CELLS OVER VARIOUS BONE MARROW 
COMPARTMENTS 

After mice are immunized the plaque-forming cell (PFC) activity 
is approximately the same in different bone marrow compartments. This 
is apparent from studies in which the PFC activity was determined in 
bone marrow eel 1 suspensions obtained from femur, tibia, humerus, rib, 
and sternum. Such a comparative study was made during the primary 
response to Escherichia coli 1 ipopolysaccharide (LPS) and the secondary 
response to sheep erythrocytes (SRBCs) (Table I). In view of the ab
sence of significant differences between the PFC responses of marrow 
eel Js from these different compartments, the femoral marrow should be 
considered as reliable representative of the total bone marrow. 

In similar studies on the distribution of surface lg-positive (B) 
eel ls over various bone marrow compartments, equally high frequencies 
were found (Razing et al., 1978). 

IV. CALCULATION OF THE AIITIBODY-FORMI!IG CELL ACTIVITY OF THE TOTAL 
BONE MARROW 

Comparison of the PFC response of the bone marrow with that of 
the other lymphoid organs after immunization requires quantitation of 
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the PFC response per whole organ. For spleen and lymph nodes this is 
easy to do, since the plaque assay can be performed with a sample from 
a eel 1 suspension made from the whole organ. For bone marrow this is 
not feasible. In view of the comparable PFC activity in various bone 
marrow compartments (Table I), and in view of the fact that bone marrow 
cells can be easily isolated from femurs, we advocate determination of 
marrow PFC response in the femoral marrow, with subsequent calculation 
of the PFC response of the total marrow by using a conversion factor. 
This conversion factor can be deduced from the distribution of intra
venously (iv) or intraperitoneal ly (ip) injected 59 Fe over the various 
parts of the skeleton. Three independent groups of investigators have 
performed such studies (Chervenick et al., 1968; Schofield and Cole, 
1968; Smith and Clayton, 1970). They found that of the total amount of 
59Fe which 1oc~l ized in the bone marrow, 5.9, 7 and 6%, respectively, 
was bound by the femoral marrow. The reciprocal value of the mean of 
these three percentages is 15.87. Thus the PFC response of the total 
bone marrow can be calculated to be 15.87 times the response of the 
bone marrow of a single femur. This calculation is based on the assump
tion that all bone marrow eel ls can be extracted from a femur. But 
sometimes it is difficult to remove al 1 the visible (red) bone marrow 
from a femoral shaft. Consequently, the calculated bone marrow PFC re
sponse is too low. In order to reduce this factor we prefer to collect 
the marrow from both femurs of a mouse. Then we can use a conversion 
factor of 7.9. 

TABLE I 

Comparison of Plaque-Forming Cell Activity in Various Compartments of 
Mouse Bone Marrow during the Primary Response to Lipopolysaccharide 

and the Secondary Response to Sheep Red Blood Cellsa,b. 

Source of 
bone marrow Anti-SRBC PFCs 

cells Anti-LPS PFCs lgM lgG lgA 

Femur 2492 820 4914 1568 

Tibia 3415 1037 4648 1935 
Humerus 2937 1640 4971 1882 

Rib 2986 1667 5795 2137 
Sternum 2960 n.d.c n.d. n.d. 

a. From Benner and van Oudenaren, 1975, 1976. 
b. Female (C57BL x CBA)F1 mice were either immunized by a single iv 

injection of 10 ~g ~.coli LPS or primed with 107 SRBCs iv and 
boosted with 4 x 10 SRBCs iv 4 months later. The PFC assay was 
performed 5 days after immunization with LPS and 7 days after the 
booster injection of SRBCs. The figures represent the number of 
PFCs per 107 viable nucleated cells. 

c. n.d., not determined. 
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V. KINETICS OF THE RESPONSE 

Whether or not immunization of mice leads to antibody formation 
in the bone marrow is dependent on a number of factors (discussed in 
Section VI). Generally, secondary iv immunization with T-dependent 
antigens induces bone marrow antibody formation. The bone marrow PFC 
response has characteristic kinetics, independent of the type ofT
dependent antigen and independent of the booster dose (Benner et al., 
1974). The response can be divided into two phases. The first phase, 
of about 1 week duration, is characterized by a much higher number 
of PFCs in the spleen than in the marrow. During the second phase, on 
the other hand, the PFC response in the bone marrow is much higher than 
in all the other lymphoid organs combined (Benner et al., 1974). This 
relatively high PFC activity in the bone marrow is found for lgM as 
wel 1 as lgG and lgA antibody production (Fig. 4). 
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Pigcnoe 4. Number of lgM, lgG and lgA PFCs in {C57BL x CBA)Fl mouse spleen (open circles) 
ar1d bone marrow (solid circles) after tv10 iv ir1jectior1s of SRBCs. The mice v1ere primed 
with 107 SRBCs ar1d boosted 1vith 4 x 108 SRBCs 3 months later. A tria11gle i11dicates that 
the number of lgA PFCs above the number of lgl"i PFCs ir1 the ir1direct plaque assay was not 
significant. 
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VI. CRITICAL FACTORS 

A. PPimary versus Secondary-Type Responses 

As stated in Section I, all initial studies in which the occur
rence of antibody formation in mouse bone marrow was investigated 
revealed 1 ittle or no PFC activity in this organ after immunization 
(reviewed in Benner and Haaijman, 1980). Almost all of these studies 
were 1 imited in one aspect which proved to be crucial: Antibody forma
tion in the bone marrow was assayed only during the primary response. 
Secondary immunization with a T-dependent antigen, however, induces 
antibody formation in the bone marrow. This result was found for 
heterologous erythrocytes (Fig. 4), protein antigen (Hill, 1976), and 
a variety ofT-dependent hapten-carrier complexes {Koch et al., 1981) 
provided normal, thymus-bearing mice were used. Secondary immunization 
of nude mice with SRBCs does not lead to significant antibody formation 
in the bone marrow. 

Sometimes antibody formation occurs in the bone marrow after a 
single injection of a high dose of aT-dependent antigen. However, in 
such cases PFCs only occur in the marrow during the late phase of the 
primary response. We have shown that antibody formation in mouse bone 
marrow is dependent on the availabi 1 ity of memory B eel ls at the time 
of the booster injection (Koch et al., 1981). Therefore, the most 
1 ikely explanation for bone marrow antibody formation during the late 
phase of the primary response is that in fact a secondary-type response 
is occurring. The generation of memory B cells during the first phase 
of the primary response and the persistence of the injected antigen 
probably account for this phenomenon (see also Section VI, D). 

B. Type of Antigen 

Thus far, we did not observe exceptions to the rule that secondary 
iv or ip immunization of thymus-bearing mice with a T-dependent antigen 
dissolved in saline evokes the appearance of PFCs in the bone marrow. 
The kinetics of such bone marrow PFC responses has been described in 
Section V. 

Although we have made only minimal investigations into whether 
antibody formation in the bone marrm-J also occurs after secondary 
immunization with T-independent antigens, we have studied the primary 
response toT-independent antigens. Intravenous immunization with a 
T-independent antigen such as pneumococcus, E. coli bacterium, a-1 ,6-
dextran, or 2, 4-dinitrophenyl {DNP)-Ficoll leads to a weak antigen
specific PFC response in the bone marrow and induces large numbers of 
PFCs in the spleen {Koch et al., 1982). However, immunization of mice 
with 10 ]lg E. coli LPS or 100 ].19 1 ,3,5-trinitrophenyl (TNP)-LPS induces 
high PFC activity in the marrow. After abolishment of the mitogenic 
moiety of LPS, the 1 ipid A component, by detoxification according to 
von Eschen and Rudbach (1976), the residual polysaccharide was no 
longer capable of inducing bone marrow antibody formation (Benner and 
Haaijman, 1980). The same result was found for the TNP-detoxified LPS 
complex. Thus antibody formation in the bone marrow after primary 
immunization with aT-independent antigen seems to require a second 
signal from a lipid A-like component. T cells are not required for the 
formation of bone marrow antibody to LPS and TNP-LPS. This can be 
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deduced from the observation that BALB/c nude mice respond to an iv 
injection of LPS with bone marrow antibody formation. Although the 
kinetics of the response of nude mice is essentially the same as that 
of their euthymic 1 ittermates, the number of PFCs in the marrow of nude 
mice is generally 50-70% lower (Benner and van Oudenaren, 1979). 

C. Route of Antigen Adrrrinistration 

Antibody formation is generally most prominent in the lymphoid 
organ draining the site of immunization. This rule also holds for anti
body formation in bone marrow during the secondary response to T
dependent antigens. The highest bone marrow PFC responses are observed 
with iv or ip booster injections. At low booster doses a splenectomy 
just before the booster injection can almost completely prevent the 
bone marrow PFC response (Benner et al ., 1977). Thereby the migration 
of antigen-activated memory B cells from the spleen into the bone 
marrow is prevented. These antigen-activated memory B eel ls, which 
normally migrate into the bone marrow during the first few days after 
the booster injection, account for the bone marrow PFC response (Koch 
et al., 1S81). 

TABLE I I 

Influence of the Route of Booster Immunization on the Extent of the 
Bone Marrow Plaque-Forming Cel 1 Responsea. 

Booster PFCs eer bone marrow 
Surgery dose of SRBCs lgM lgG 

Sham Sx I o6 , iv 8,830 45' 760 
(6, 150-12,700) (37 ,090-56,450) 

Sx 1 o6
' iv 2,340 8' 530 

(I ,570-3,990) (7 ,380-9,860) 

Sx I o6 , sc 860 8,340 
(610-1 ,220) (6,360-10,940) 

Sham Sx 4 X I o8 , iv 29,510 255,400 
(26,950-32,31 0) (239,410-272,470) 

Sham Sx 4 X 1o8 , sc 8,480 91 '03 0 
(5,490-13,090) (82 '970-99' 870) 

Sx 4 X I o8 , iv 44,970 298,900 
(33, 110-61 ,060) (232,920-383,590) 

Sx 4 X I o8 , sc 21 ,820 96,760 
(20 '260-23 '500) (74,440-125,790) 

a. Female (C57BL x CBA)Fl mice were 8rimed with 107 SRBCs iv and 
boosted with either 106 or 4 x 10 SRBCs 3 months later. The mice 
were e'1ther splenectomized (Sx) or shamsplenectomized (sham Sx) 3 
weeks before the booster immunization. The PFC assay was performed 
7 days after the booster injection. Values shown are the geometric 
mean and 95% confidence 1 imits. 
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The decrease in the bone marrow PFC response resulting from a 
splenectomy can be overcome by using a high booster dose. This is i llus
trated in Table I I for SRBCs as antigen. High iv booster doses of SRBCs 
probably stimulate the lymph nodes so that these organs can replace the 
spleen. Subcutaneous (sc) booster injections also lead to bone marrow 
antibody formation, both in nonsplenectomized and in splenectomized 
mice, but only with high antigen doses (Table I 1). Thus the antigen must 
be present in the peripheral lymphoid organs as wel 1 as in the bone 
marrow for PFCs to appear in the latter organ. 

Whether or not secondary immunization with a T-dependent antigen 
wil 1 lead to bone marrow antibody formation is independent of the route 
of primary immunization; iv, ip and sc priming areal 1 effective. How
ever, in the case of SRBCs as antigen, a 100-fold higher antigen dose is 
required for sc priming than for iv or ip priming in order to prepare 
for an equally high secondary bone marrow PFC response (Benner et al., 
1974). The preparation for bone marrow antibody formation by iv prtmtng 
with low or moderately high doses of SRBCs can be completely prevented 
by a prior splenectomy. A splenectomy before iv priming with a high 
dose of SRBCs is ineffective (Benner and van Oudenaren, 1975; Benner 
et al., 1977), probably as a result of the stimulation of lymph node 
tissue by the large amount of iv injected antigen. 

D. Use of Adjuvants 

The use of an adjuvant can interfere with bone marrow antibody 
formation. Adjuvants which induce excessive granulopoiesis within the 
bone marrow (e.g., complete Freund 1 s adjuvant (CFA) and high doses of 
LPS) abolish the ongoing !g synthesis in this organ. This is apparent 
from the observation that several days after such a treatment the 
presence of lg-synthesizing eel ls in the bone marrow can no longer be 
revealed with the protein A plaque assay. This excessive granulopoiesis 
can last for 1-4 weeks, depending on the dose and type of adjuvant 
used. 

Secondary immunization of mice with heterologous erythrocytes or 
hapten-carrier complexes emulsified in CFA does not lead to antibody 
formation in the bone marrow during the first few weeks after the 
booster injection. This is merely due to the adjuvant, since injection 
of an equal amount of the same antigen in saline induces bone marrow 
antibody formation. Adjuvants which do not induce excessive granulo~ 
poiesis, such as alum, do not interfere with antibody formation in 
the marrow. 

In our experience, the occurrence of excessive granulopoiesis, 
and thus the possibility of detecting antibody formation in the bone 
marrow, can usually be predicted from the color of the femoral shaft. 
Excessive granulopoiesis in the marrow is associated with a severe 
depression of erythropoiesis in this organ. Thus the femur is observed 
to be white instead of reddish. 

Primary immunization with an antigen emulsified in adjuvant leads 
to prolonged antibody synthesis as compared to that observed after im
munization with the antigen dissolved in saline. This can be concluded 
from comparison of the serum antibody titers of animals treated differ
ently. However, the adjuvant also affects the organ distribution of the 
antibody-producing PFCs. Several months after a single injection of 
antigen together with adjuvant, large numbers of PFCs occur in the bone 
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marrow (Tab 1 e I II). The primary response becomes a secondary-type re
sponse, probably because of the slow release of antigen from the 
adjuvant-induced granuloma. 

E. Corticosteroid Level 

The extent of the immune response is dependent upon the cortico
steroid level (Garbielsen and Good, 1967). Generally, an increase in the 
corticosteroid level decreases the response, whereas a decrease in the 
corticosteroid level can increase the response (van Dijk et al., 1976). 
In mice, corticosteroids have a differential effect upon antibody for
mation in spleen and bone marrow (Benner et al., 1978; Benner and van 
Oudenaren, 1979). Daily injections of corticosteroid suppress the pri
mary and secondary anti-SRBC !gM, lgG, and lgA PFC response in the 
spleen. Bone marrow lgM, lgG, and lgA PFCs were found to be rather 
resistant to corticosteroid-mediated suppression. These responses were 
not affected by daily doses of dexamethasone up to 4 mg/kg body weight. 
A daily dose of 16 mg/kg body weight decreased the bone marrow PFC 
response when the injections were started before the booster injection. 
When the corticosteroid injections were started 5 days after the boos
ter injection, the dose of 16 mg/kg body weight did not suppress the 

TABLE Ill 

Influence of the Use of Adjuvant on the Number and Organ Distribution 
of Antibody-Forming Cells 3 Months after Primary Immunization with a 

Dinitrophenyl-Carrier Complexa. 

PFC s eer s2leen PFCs eer bone marrow 

Antigen Adjuvant lgM I gGb lgM lgGb 

DNP-KLH 1 ,287 
500 3,790 

(1 ,005-1 ,647) n. s. (2, 707-5 ,306) 

DNP-KLH Alum 3, 815 1 ,569 18,301 
(2,512-5,794) n. s. (581-4,238) (8 ,200-40 ,845) 

DNP-CGG 500 n. s. 500 n. s. 

DNP-CGG Alum 2,683 865 23,924 
(1 ,010-7, 125) n. s. (424-1 ,764) (13,851-41 ,321) 

DNP-CGG CFA 2,639 5,872 84,692 
(2,044-3,406) n. s. 

(2,499-13,799) (71 ,912-99,744) 

a. Female (C57BL x CBA)Fl mice were immunized with 100 ~g ONPlO
chicken gamma globulin (DNP-CGG) or DNP200-keyhole 1 impet hemo
cyanin (DNP-KLH) ip 3 months previously. The DNP/carrier ratio is 
expressed as the number of DNP groups per protein molecule. The 
antigen was administered either dissolved in saline, precipitated 
on alum, or emulsified in CFA. Values shown are the geometric mean 
and 95% confidence 1 imits. 

b. n.s., the number of lgG PFCs above the number of lgM PFCs in the 
indirect plaque assay was not significant. 
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Figure 5. Relative contribution of the bone marr01~ (solid circles) and the other (open 
circles) lymphoid organs (spleen, mesenteric lymph nodes, ar1d Peyer's patches combined) 
to the total !lumber of C-lg cells in male CBA mice of various ages. From Haaijman et al 
1977. 

'bone marrow PFC response, in contrast to the splenic PFC response 
(Benner et al., 1978). 

The primary response to the thymus-independent antigen LPS is also 
affected by corticosteroid injection. In this case also, suppression 
of the splenic PFC response was proportional to the dose of corti
costeroids administered. However, the anti-LPS bone marrow PFC response 
showed dose-dependent enhancement after daily corticosteroid injections. 
Thus antibody formation in mouse bone marrow, in contrast to antibody 
formation in mouse spleen, seems to be very resistant to corticosteroid
mediated suppression. 

F. Age 

Primary immunization of adult mice with LPS or TNP-LPS and secon
dary immunization w(th aT-dependent antigen lead, regardless of the 
age of the mice used, to antibody formation within the bone marrow. 
With aging, the day of peak PFC activity in the bone marrow occurs la
ter, just as in the spleen. The extent of the bone marrow PFC response 
decreases somewhat with increasing age. This is especially true of the 
lgG PFC response (Blankwater, 1978). 

Insight into the actual lg-synthesizing activity of a mouse can be 
obtained by measuring the number of lg-secreting cells or the number of 
C-lg cells in various lymphoid organs. When this is done for mice of 
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various ages, a clear age-related increase is found in the total 
number of C-lg cells in all lymphoid organs. At 8 weeks of age a 
plateau is attained, which is maintained until death (Haaijman et al., 
1977). However, organ distribution of C-lg eel ls changes considerably 
during aging. With time, C-lg cells accumulate in the bone marrow 
(Fig. 5), and this holds for C-lgM cells as well as C-lgG and C-lgA 
cells (Haaijman et al., 1977). The gradual increase in the importance 
of the bone marrow as a site of lg synthesis throughout the 1 ife span 
probably reflects the gradual adaptation of individual mice to their 
antigenic environment. As an individual ages, the more often antigenic 
stimuli from the environment wil 1 have been experienced before, and 
thus more secondary-type responses wi 11 preva i 1. As out 1 i ned in Section 
VI, A, such secondary-type responses involve the bone marrow. 
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QUANTITATION OF ANTIBODY PRODUCTION IN MOUSE BONE MARROW DURING THE 

SECONDARY RESPONSE TO SHEEP ERYTHROCYTES 

G. Koch~ Christine Weerheijm-De Wit and R. Benner 

Department of Cell Biology and Genetics~ Eras~~s University~ Rotterdam~ 
The Netherlands. 

SUl.JJVARY 

The antibody production per organ was quantified during the sec
ondary response to sheep erythrocytes (SRBC) by measuring the haemo
lysin production in short-term cultures of spleen and bone marrow eel ls. 
Using this assay it was shown that during the first 5 days of the re
sponse the spleen is the major site of antibody production, whereas 
thereafter the bone marrow is the major source. By comparing the haemo
lysin production per organ and the total number of haemolysin-producing 
plaque-forming cells (PFC) per organ it was shown that the mean anti
body production per PFC varied both in spleen and bone marrow during 
the secondary response. The mean antibody production per PFC was mini
mal when the PFC response was maximal. In the bone marrow the mean 
production per PFC decreased from day 3 to day 5, probably due to immi
gration of low producing PFC from the spleen. Beyond day 6 the produc
tion per cell increased in both spleen and bone marrow, indicating a 
further maturation of the PFC. 

DtlRODUCTION 

After primary immunization of mice with thymus-dependent (TD) 
antigens such as sheep erythrocytes, the spleen is the major site of 
localization of antibody-producing plaque-forming eel ls (PFC). The PFC 
response in the spleen is maximal on day 4 for lgM and day 6 for lgG, 
while lgA-PFC appear only after relatively high antigen doses and late 
in the response (7,24). ln the early phase of the primary response 
there is a rather good correlation between the number of anti-SRBC PFC 
in the spleen and the titer of specific antibodies in the serum. After 
reaching the peak response, numbers of PFC in the spleen fall off much 
faster than serum antibody titers. This is by no means compensated for 
by an increase of PFC numbers in other lymphoid organs (1). Thus, 
during the second phase of the primary response there is a clear dis
crepancy between the total number of PFC that can be found in the ani
mal and the serum antibody titer. This might be due to a larger anti
body production per PFC during the second phase of the response. Indeed, 
recently it has been shown that the mean antibody production per PFC 
can vary during a primary response (23). 

During the secondary response to intravenously (iv) injected 
TD antigens, PFC not only appear in the spleen, but also in large num
bers in the bone marrow (7). Initially, the spleen contains the majori-
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ty of all PFC of the animal, but after day 7 to 10 the response of the 
bone marrow becomes 3 to 10 times as high as in all other lymphoid or
gans together. This '1mpl'1es that, if the mean antibody production by 
PFC in the bone marrow would be the same as by PFC in the spleen, the 
bone marrow would be the major source of serum antibodies during the 
second phase of secondary type responses. However, such quantitative 
data on the antibody production per PFC in spleen and bone marrow are 
not available, yet. Therefore we considered it worthwhile to study the 
antibody production in vit~o by spleen and bone marrow cells during 
the secondary response to SRBC. The results show that the antibody 
production pe~ PFC~ (a) varies in both spleen and bone marrow in differ
ent phases of the response, {b) is different for spleen and bone mar
row during the early phase of the response, and (c) is both in spleen 
and bone marrow minimal during the peak response, and maximal during 
the late phase of the response. 

MATERIALS t.ND METHODS 

Mice. (C57BL/Rij x CBA/Rij)F1 female mice, 16-20 weeks old, were used. 
They were purchased from the Laboratory Animals Centre of the Erasmus 
University, Rotterdam, The Netherlands. 

Antigen and immunization. SRBC stored in Dulbecco's solution, were 
washed three times in phosphate buffered saline (PBS, pH 7.2) before 
use. Mice were primed by an iv injection of 107 SRBC. For secondary 
immunization mice received an iv booster injection of 4 x 108 SRBC. 
The interval between primary and secondary antigen injection was 2-3 
months. 

Assay for PFC. Cel 1 suspensions were prepared and assayed for lgM- and 
lgG-PFC as described previously (?,8). 

Quantitation of antibody p~oduction. The quanti tat ion of antibody 
production by lymphoid eel ls in vit~o was done as described extensively 
by van Dijk and Bloksma (23) with some minor modifications. Briefly, 
0.5 ml of appropriately diluted lymphoid cells suspensions were mixed 
with an equal volume of washed SRBC (109/ml) in 15 ml tubes. After in
cubation for 45 min at 37°C, 0.1 ml 1:16 diluted rabbit antiserum direc
ted against mouse lgG was added. This antiserum was raised as described 
previously by Zaalberg et al. (25). The same batch was used in the in 
vit~o haemolysis assay and the plaque assay. The mixture was incubated 
for 15 min at 37°C. Subsequently, 0.5 ml of 1:4 diluted guinea pig 
serum (Flow batch 44022008) was added as a source of complement and 
incubated for another 20 min at 37oc. Finally, 2 ml of PBS was added 
whereafter the tubes were centrifuged for 5 min at 1500 g. The percent
age of haemolysis was calculated from the extinction of the supernatant 
at 540 nm (E540). As a positive control was used the E540 of superna
tants from a similar number of SRBC lysed by freshly prepared 0.04% 
NH4CJ. The data were corrected for the E540 of mixtures containing SRBC, 
complement and rabbit anti mouse lgG only. 

The amount of antibody needed for 50% haemolysis was constant. 
Therefore the number of eel ls secreting this amount of antibody can be 
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Fi{f'o~Y'e 1. Scheme of the experimental set-up used to determine the mean amount of anti
bodies produced per individual PFC in spleen and bone marrov1 during the secondary re
sponse of mice to SRBC. 

used as a measure for the antibody production. This number is cal led 
the lytic concentration (LCSO). 

Calculation of the antibody production per PFC. For quantitation of 
the antibody production per PFC, eel 1 suspensions of spleen and bone 
marrow from individual mice were simultaneously assayed for the number 
of PFC per 107 nucleated eel Js and for the LC50 value. A scheme of the 
experimental set up is shown in Fig. 1. Since the antibody production 
is defined as the number of eel ls needed for 50% haemolysis (LC50), 
the amount of antibody secreted by 107 cells will be 107/LCSO. The 
mean antibody production per PFC can be calculated as 107/LCSOxPFC. 

Calculation of PFC nv~ber and antibody production of the total bone 
marrow. Femoral bone marrow was used for preparing bone marrow eel 1 
suspensions. For the calculation of the PFC response and antibody pro
duction in the bone marrow of the whole animal we multiplied the re
sponse by the bone marrow eel ls of the two femurs with a factor of 7.9, 
since 59Fe distribution studies have shown that 12.6% of the total bone 
marrOw is located in both femurs together (11). Previously no differen
ces could be detected between the PFC responses evoked by fixed numbers 
of nucleated bone marrow eel ls from femur, tibia, humerus, rib and 
sternum, which indicates that the PFC activity of the femoral bone mar
row indeed is a reliable measure for the marrow of the whole animal 
(8 ,9). 

73 



10 log ('lo haemolysis) 

2.0 _---o--D--D-;jf- fl liil -i-- -~ 
, , -Iii. 

1.0 spleen o day 4 
D day 6 

bone marrow Ill day 6 
A. day 31 

0 

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 80 10 tog (no. of cells) 

J.'igv.Y'S 2. Haemolysin production by graded numbers of spleen and bone marrow cells. Data 
are presented of the responses by spleen cells on day 4 (Q) and 6 (0) and by bone mar~ 
rO'ci cells on day 6 (ft) and 30 (A) after secondary immunization with 4 x 108 SRBC iv. 

RESULTS 

Dose effect curve during the secondary response in spleen and bone 
marrol.J 

After primary immunization of mice with SRBC, the lgM-haemolysin 
production in vitro as a function of the number of spleen eel ls follows 
a sigmoid curve. After logarithmic transformation of both parameters 
a 1 inear function is obtained for values between 10 and 80% haemolysis 
(23). We determined whether this also holds for spleen and bone marrow 
eel ls at different intervals after secondary immunization with SRBC, 
and for mixtures of lgM and lgG antibodies. This was indeed the case 
(Fig. 2). Furthermore, the slopes of curves did not vary either with 
the source of the haemolysin-producing cells (spleen ve~sus bone mar
row), the interval between booster injection and testing, or the class 
of antibodies tested. In figure 2 the data are shown obtained \oJith 
spleen eel ls on day 4 and 6, and with bone marrow eel ls on day 6 and 
30 after booster injection. For the curves found on other days, and for 
curves reflecting the lgM-haemolysin production only, similar slopes 
were found. From the similarity of the slopes of these curves we con
clude that if the mean avidity of the antibodies would change during 
the secondary response against SRBC, or would be different for anti
bodies produced by spleen and bone marrow, it does not influence the 
method used to measure the antibody production per PFC. 

Antibody production per PFC in spleen «ad bone marrow 
The PFC response and antibody production in spleen and bone marrow 

of mice boosted with 4 x 108 SRBC were assayed at various intervals 
after booster injection according to the scheme shown in figure 1. The 
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fr:gure 3. Quantitation of antibody production in spleen (upper part) and bone marrov1 
(lower part). The number of PFC (hatched columns) and the number of cells needed for 
50% haemolysis (open columns) v1as determined at different days after the booster in
jection of 4 x 10!l SRBC iv. The same batch and the same concentration of anti-lgG v1as 
used in the PFC assay and the haemolysin production assay. From the mean number of 
PFC and the mean number of cells needed for 50% haemolysis the mean haemolysin pro
duction per PFC (cross-hatched columns) was calculated. The columns represent the geo
metric mean of S-8 individually tested mice, and the vertical bars the standard error 
of the mean. 
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FigL<Pe 4. Quanti tat ion of the mean antibody production per PFC in spleen (open columns) 
and bone marro1·1 (cross-hatched columns). The figure summarizes the data of mean haemo
lysin production per PFC for spleen and bone marrmv as shown in Fig. 3. The vertical 
bars represent the standard error of the mean. 

data presented here (Fig. 3 and 4; Table 1) represent one out of three 
similar experiments, all yielding essentially the same results. In the 
spleen the PFC response and the antibody production were maximal on 
day 4 after booster injection (Fig. 3, upper part). Thereafter they 
gradvally decreased. From the mean number of PFC and the mean number 
of cells required for 50% haemolysis, the mean antibody production per 
PFC was calculated. In the spleen, the mean production per PFC was 
nearly constant from day 3 until day 8 after booster injection, but 
gradually increased after day 8. One month after the booster injection 
the production per PFC was 5 to 25 times as high as was found during 
the first phase of the secondary response. 

In the bone marrow the PFC response and the antibody production 
were maximal around day 6 (Fig. 3, lower part). After day 6 there
sponse decreased only slightly. After day 10 the PFC response per 107 
nucleated cells was higher in the bone marrow than in the spleen. This 
is in agreement with our previous results (7). The mean antibody pro
duction per PFC in the bone marrow was high at the beginning of the 
secondary response (Fig. 3), but decreased to 5-30% of that value from 
day 3 to day 5. From day 5 to day 7 the antibody production per PFC in 
the marrow was minimal. After day 7 the production increased again. 

In figure 4 we have summarized the data of the mean antibody pro-
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duction per PFC for spleen and for bone marrow. At all intervals after 
booster injection tested, except on day 30, the mean production per PFC 
was as high or higher in the bone marrow as in the spleen. This differ
ence was most prominent during the early phase of the response. 

Total antibody production in spleen and bone marrou 
From the mean antibody production per PFC and the number of PFC 

per whole spleen and bone marrow the total antibody product"1on by 
spleen and bone marrow was calculated. The data of Table 1 show that 
the spleen is the major source of specific serum antibodies during the 
first 5 days of the secondary response. However, after day 5 the total 
bone marrow is the major production site of specific antibodies. 

DISCUSSION 

The quantitative data of antibody production per organ presented 
in this paper show that the mouse bone marrow is the major source of 
antibodies during the second phase of the secondary response to SRBC. 
This extends our previous data showing that during secondary immune 
response of mke the majority of all PFC are localized in the marrow 
beyond the first week after booster injection (7). Furthermore, the 
results show that the mean haemolysin production per PFC can be differ-

~ent in different lymphoid organs of the same animal and at different 

TABLE I 

Total Anti body Production in Spleen and Bone Marrow 

Days after (lsM+IsG)-PFC/organ x10- 3 Antibody ~reduction/organ b 

booster 
injectiona spleen bone marrow spleen bone marrow 

3 508(1.1) 0 3 (1. 3) 66 (1 .1) 16 (1. 4) 

4 2,908(1.7) 88 (1. 2) 1,095(1.2) 122 (1. 2) 

5 6,886(1.2) 638(1.1) 1,451 (1.2) 222(1.1) 

6 1 ,768(1.3) 744(1.2) 53(1.3) 268(1.2) 

7 671(1.4) 764(1.2) 174 ( 1 . 4) 244(1.2) 

8 72 (1. 1) 333(1.1) 19 (1. 1) 283(1.1) 

10 82(1.2) 44(1.3) 93(1.2) 153(1.2) 

30 10(1.2) 148(1.2) 31 (1. 3) 102(1.2) 

a. Mice were primed with 107 SRBC iv and boosted with 4 x 108 SRBC iv 
after 2 to 3 months. On different days after the booster injection 
the numbers of direct and indirect PFC were measured. 

b. From the number of PFC per organ and the mean antibody production 
per PFC the total antibody production per orqan was calculated. 

c. Geometric mean~ SEM of five to eight mice. 
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intervals after secondary immunization. 
Calculation of the total antibody production per orgar shows t11at 

around day 6 the bone marrow becomes the major site of antibody pro
duction. This is in agreement with earlier findings on the late phase 
of the primary response of guinea pigs to bacteriophage 0X174 (15) an~ 
ovalbumin (4,6). Also in tissue culture experimer:s with eel Is from 
various lymphoid organs of rabbits after primary and seco,ldar;r immuni
zation with ovalbumin and type 3 pneumococci it was shown that the 
bone marrow m;,de the maje>r contribution to the overall antibody and 
immunoglobulin synthesis (S). Similar in vitro expE";r·i~enc:s with humc.o, 
1 ympho i d tissues indicated that a 1 so in man the bone marmw l s the 
major site of antibody (19) and immunoglobulin producrion (18). 

In the present study we have used an in vitro haemolysis assay, 
and did not study the plaque diameter, because the plaque diameter ·s 
not only dependent on the amount of anribodies secreted by the PFC, but 
also on the affinity of the secreted antibodies (12-14). Our method, 
hov-1ever, is not influenced by changes in the avidities of the antibody 
molecules, as can be concluded from the fact that throughout the exper
iments the same slope was found for all titration curves of antibod·)" 
production (e.g., Fig. 2). This allows us to interpret the data in 
terms of mean amount of antibodies produced per PFC. 

Recently van Dijk and Bloksma (23) reported data on the haemolysin 
production per PFC in the spleen during the primary response to SRBC. 
They found that the mean production varied during the primary response 
and decreased during the exponential increase of the PFC number, The 
production per PFC was minimal during the peak PFC ~esponse. We fou~d 

a similar variation of antibody production per PFC in spleen and bone 
marrow during the secondary response to SRBC. As In the primary re
sponse, the production in bone marrow and spleen \vas minimal >vhen ths 
PFC response was maximal. The high antibody production per PFC found on 
day 3 in the bone marrow is dependent on antigenic stimulation since on 
the day of the booster injection no antibody production could be demon
strated in this organ with our haemolysin assay. 

The sharp decrease of the production in the marrow from day 3 to 
day 5 does not necessarily means that the production by these 11 high 
producer 11 PFC decreased. !t might also be due to PFC v-1ith a low pro
duction immigrating into the marrow, thereby decreasing the mean pro
duction per PFC. Indeed, experiments with parabiotic mice and experi
ments involving splenectomy after secondary stimulation have shown that 
the bone marrow PFC are derived from memory B ce~ ls activated by anti
gen in the spleen (10,17). 

Maturation of the antibody-producing eel ls probably causes the 
increase of antibody production per PFC during the second phase of the 
secondary response in the spleen and the marrow. Electron microscopic 
studies of PFC have shown that early in the response Jymphoblasts and 
immature plasma blasts predominate, whereas later on nearly all PFC 
have the morphology of mature plasma cells (16,21 ,22). During this 
maturation the eel ls develop more rough and smooth endoplasmic retic
ulum, i.e., are better equipped for protein synthesis. Moreover, 
Andersson et al. (3) and Melchers and Andersson (20) have shown that 
during maturation of immunoglobulin-synthesizing cells after in vitro 
stimulation of B cells with 1 ipopolysaccharide the ratio between the 
immunoglobulin and protein synthesis increases. Also different lgM-
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producing myelomas can have a different lg production per eel 1. These 
myelomas may represenc. different maturation stages of the plasma cell 
1 ineage (2). 

In conclusion we have shown that the mean antibody production per 
PFC during the secondary response to SRBC (a) can be different in 
spleen and bone marrow of the same animal, (b) is different for spleen 
and bone marrow early in the response and (c) is minimal both in spleen 
and bone marrow when the PFC response is maximal. Furthermore, we have 
shown that in mice the ~one marrow is the major site of antibody pro
duction during the second phase of the secondary response to SRBC. 
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SUZ.JP/drRY 

During the primary immune response of mice to intravenously admi
nistered thymus-dependent antigens the spleen is the major site of 
localization of antibody-producing plaque-forming cells (PFC). During 
the secondary response, on the other hand, large numbers of PFC not 
only appear in the spleen, but also in the bone marrow. By inducing B 
memory eel ls with a DNP-carrier complex and activating the DNP-specific 
B memory eel ls with the same hapten conjugated to a heterologous carri
er, we show in this paper that B memory eel ls, but not necessarily T 
memory eel ls, must be present before booster immunization for PFC to 
appear in the bone marrow. The origin of the PFC that appear in the 
bone marrow during secondary type immune response was studied in para
biotic mice consisting of members congenic for the lgh-1 locus. From 
analysis of the allotype of antibodies produced by PFC in the marrow 
of such pairs of parabionts It appeared that antibody formation in 
bone marrow is dependent on the immigration into the marrow of B memory 
eel ls activated in peripheral lymphoid organs. Consistent with such a 
migration of activated eel ls, radioautographic studies in guinea pigs 
demonstrated an influx of newly formed mononuclear cells into the bone 
marrow via the blood stream during the first three days after intra
vascular antigen administration. 

DlTRODUCTION 

After primary immunization of mice with thymus~dependent antigehs 
spleen and lymph nodes are the major sites of localization of antibody
producing plaque-forming cells (PFC), dependent on the route of antigen 
administration. No substantial antibody formation occurs in the bone 
marrow during the primary response to thymus-dependent antigens. This 
has been reported by several independent investigators (reviewed by 
Benner and Haaijman (1)). However, after secondary immunization with 
the same thymus-dependent antigen PFC appear not only in the spleen, 
but also in the bone marrow (2,3). During the f'1rst week of the second
ary response most PFC are localized in the peripheral lymphoid organs, 
but beyond that period the majority of all PFC of the animal are local
ized in the bone marrow. After the first week also the majority of 
the antibodies are produced by the bone marrow (Appendix paper ! 1). 

Adoptive transfer experiments and experiments with parabiotic mice 
have shown that the appearance of PFC in the bone marrow of mice during 
a secondary type immune response is dependent on potentially circulat-
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ing memory cells (4,5). The peripheral lymphoid organs such as spleen 
and lymph nodes not only produce these memory eel ls (6), but are also 
needed for the initiation of the PFC response in the bone marrow (7). 
Splenectomy until two days after an iv booster injection completely 
prevents the appearance of PFC in the marrow. At day 4, however, sple
nectomy no longer prevents antibody formation in the bone marrow. 

1n the present study we investigated the cellular requirements for 
antibody-formation in the bone marrow and the origin of the antibody 
forming cells. The data presented show that hapten-primed B memory 
eel ls, but not carrier-primed T memory cells, must be present at the 
time of the booster injection for hapten-specific PFC to appear in the 
marrow. In addition, we show that antigen-dependent activation of B 
memory cells in the spleen is followed by their migration into the 
marrow where they account for antibody formation. 

l.JATERIALS AND METHODS 

Animals. Female (C57BL/Rij x CBA/Rij)F1, BALB/c (H-2d), BAB/14 (H-2d), 
CWB/13(H-2b) and CSW(H-2b) mice were used. The (C57BL x CBA)F1 mice, 
14-20 weeks old, were purchased from the Laboratory Animals Centre of 
the Erasmus University, Rotterdam, The Netherlands. The BALB/c CWB/13 
and CSW mice, 8-12 weeks old, were obtained from the lnstitut fOr 
Biologisch-Medizinische Forschung AG, FOl 1 insdorf, Switzerland. The 
BAB/14 mice ~..,rere bred at the Basel Institute for Immunology. Male 
Hartley guinea pigs were used at 350-450 g body weight, approximately 6 
weeks of age. 

Antigen and immunization. Keyhole limpet hemocyanin {KLH; lot no. 
630054) was obtained from Calbiochem-Behring Corp. (La Jolla, CA) as a 
slurry in 65% ammonium sulfate. Before use it was centrifuged at 25,000 
g for 30 min. The precipitate was dissolved in phosphate-buffered saline 
(PBS; pH 7.2) and desalted on Sephadex G-25. Chicken gamma globulin 
(CGG) was prepared by ammonium sulfate precipitation of normal chicken 
serum. DNP-KLH and DNP-CGG \.'Jere prepared according to the method of 
Eisen (8). KLH was dinitrophenylated to a level of 6-8 DNP molecules per 
105 Dalton units, and CGG to a level of 8-10 DNP molecules per protein 
molecule. In case of immunization with hapten-carrier complexes, the 
mice were primed by an intraperitoneal (ip) injection of 100 119 of DNP
KLH or DNP-CGG adsorbed on alum, unless stated·otherwise. Three months 
later the mice received a booster injection of 100 119 DNP-KLH intra
venously (iv) or 100 119 DNP-CGG adsorbed on alum ip. Some groups of 
mice received a supplemental immunization with 10 or 100 119 of carrier 
protein homologous to the carrier of the booster antigen. Such a supple
mental immunization was given 5 weeks before the booster InJection. 
Sheep erythrocytes (SRBC) from a single donor were used. They were 
stored in Alsever 1 s solution and washed three times in a balanced salt 
solution (BSS) before use. Secondary responses to SRBC were induced by 
primary immunization with to? SRBC iv and secondary immunization with 
2 x 106 SRBC iv. The interval between primary and secondary antigen In
jection was 3 months. 
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Parabiotic mice. Parabionts were joined laterally under Avertin (Merck
Schuchardt) anesthesia (9). The mice were united by suturing the peri
toneal and abdominal wall muscles without leaving a communication be
tween the two abdominal cavities. The connective tissue along the thorax 
was also sutured. In addition, the scapulae were joined. The skin was 
closed with 1 inen thread from behind the ears to the femora. 

Splenectomy. Splenectomy (Sx) of mice that had to be parabiosed was 
done during the surgery for parabiosis. Splenectomy and sham-splenec
tomy (ShSx) of non-parabiotic mice was done under Avert in anesthesia 
as described previously (2). 

Assay for PFC. Cell suspensions were prepared and assayed for lgM- and 
lgG-PFC as described previously (2,6). TNP-conjugated SRBC were used 
for assaying DNP-specific PFC. SRBC were conjugated with trinitroben
zenesulfonic acid as described by Rittenberg and Pratt (10). Bone mar
row PFC activity was determined in the marrow of both femurs. For the 
calculation of the PFC response in the bone marrow of the whole animal 
we multiplied the response by the marrow cells of the two femurs 1-..rith 
a factor of 7.9, since 59Fe-distribution studies have shown that 12.6% 
of the total bone marrow is located in both femurs together (11). Pre
viously, no differences could be detected between the PFC activity of 
bone marrow eel ls from femur, tibia, humerus, rib and sternum, which 
indicates that the PFC activity '1n various compartments of mouse bone 
marrow is about the same (7,12). lgG-PFC were developed by using a 
rabbit antiserum directed to mouse lgG. This antiserum was prepared as 
described previously by Zaalberg et al. (13). The mouse anti a I lotype 
antisera specific for the !gh-la and lgh-1b allotype were prepared and 
kindly provided by Dr. Michel Seman at the Laboratory of lmmunodifferen
tiation, University of Paris, France. 

Radioautography of immigrant cells in bone morrow. To provide direct 
evidence of a blood-borne migration of eel ls into the bone marrow the 
method of partial body label 1 ing with 3H-thymidine was used in guinea 
pigs, as previously described by Osmond and Everett (14,15). Guinea pigs 
were given an intracardiac injection of TAB vaccine (0.5 ml; 750 x 106 
typhoid organisms; 500 x 106 paratyphoid A and B organisms) under 1 ight 
ether anesthesia. At daily intervals from 1 to 5 days thereafter, 3H
thymidine (1 ~Ci/g body weight; specific activity 6.7 Ci/mM) was admin
istered by intracardiac injection under ether anesthesia while the 
circulation to the left hind 1 imb was occluded by an elastic compression 
bandage. After allowing 27 min. for the clearance and cellular incor
poration of most circulating 3H-thymidine, any residual free 3H-thymi
dine was diluted by intracardiac injection of 150 mg nonradioactive 
thymidine, approximately 104-fold greater than the original dose of 
3H-thymidine. Three min. later the occlusive bandages 1-..rere released, 
restoring the circulation to the hind 1 imb, and the anesthesia waster
minated. This procedures produces an initial label 1 ing of DNA-synthe
sizing cells in al 1 tissues except those of the occluded hind 1 imb (14). 
Guinea pigs were killed by ether overdose at a constant interval of 24 
hr after the injection of 3H-thymidine. Tibial marrow cells were sus
pended, counted, smeared, dipped in melted NTB-2 emulsion (Eastman 
Kodak, Rochester, N.Y.), exposed for 7 days, developed and stained 
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through the fixed ernul sian with a modified MacNeal 1 s stain. Control 
experiments, performed at each post-antigen interval, were identical 
to the above except for the injection of vaccine suspending fluid 
alone, instead of TAB organisms. Approximately 10,000 nucleated eel ls 
were examined along the entire length of each bone marrow smear. The 
number of radioautographic grains overlying individual eel ls was re
corded, grouping the labelled cells (<10 grains) into morphological 
categories, as described in Table IV. 

RESULTS 

Cellular requirements for antibody formation in the bone marrow 
From previous studies we know that antibody formation toT-depend

ent antigens in the bone marrow only occurs after multiple injections 
of the same antigen (4,5). The phenomenon is dependent upon the pres
ence of long-1 ived lymphocytes induced by priming which are operation
ally defined as memory eel ls. To investigate whether only B memory 
cells, only T memory eel ls, or 8 as well as T memory eel ls are required 
for the bone marrow PFC response, we primed BandT eel ls separately by 
means of heterologous hapten-carrier conjugates. Thus, we compared the 
response to iv administered DNP-KLH of five different groups of mice 
(Table 1). Group I was a control group that was primed to DNP-CGG at 
the same time as other DNP-CGG-primed mice, and was used to measure the 
background (DNP-CGG-induced) anti-TNP PFC activity at the moment that 
the other groups of mice received a booster injection of DNP-KLH. 8 and 
T eel Js of the mice of group I I were neither primed to DNP nor to KLH 
before immunizing with DNP-KLH. In the mice of group Ill KLH-specific 
T memory cells were induced by separate priming with KLH only. In this 
group DNP-specific B cells were unprimed. In the mice of group IV DNP
specific B memory eel ls \oJere induced by priming with DNP-CGG, while in 
mice of group V DNP-specific 8 memory eel ls as well as KLH-specific T 
memory cells were induced by separate priming with DNP-CGG and KLH, 
respectively. The priming with DNP-CGG was done 3 months, and the pri
ming >Vith KLH was done 5 weeks before immunization with DNP-KLH. In the 
groups 1-V, the number of TNP-specific PFC was enumerated in spleen and 
bone marrow on day 4 and 6 after the iv DNP-KLH injection. These inter
vals were chosen because the PFC response in the spleen is maximal on 
day 4, and in bone marrow between day 6 and 12 (2). T eel 1 priming 
appeared to have no enhancing influence on the PFC response in spleen 
and bone marrow (Table 1). In contrast, DNP-specific B cell priming 
greatly facilitated the TNP-specific PFC response in the bone marrow 
and enhanced the response in the spleen. However, this result was only 
found for the lgG response. 

In Table II data are presented from a simi Jar experiment, but here 
8 cell priming was done with DNP-KLH, and T eel 1 priming with CGG. The 
TNP-specific PFC response was elicited by booster injection with DNP
CGG. In this experimental 1 injected antigens had been adsorbed on alum 
and were administered ip. The number of TNP-specific PFC were enumerat
ed on day 8 and 10 after the booster injection and not on day 4 and 6, 
because the maximal PFC response is delayed when the antigen is given 
together with adjuvant, and when it is injected ip instead of iv (data 
not shown). High numbers of TNP-spec i fi c PFC on 1 y appeared '1 n the bone 
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Tho Influence of Hapten and Carrier Priming upon the Anti-TNP PFC Response to ONP-CGG in the Bone Marrow 

Group Primary Supple- Anti-TNP PFC/Organ 
ie1mun i- menta I S I een Bone Marro~>J 

zat ion immuni-
I gh lgG I gh lgG 

z<Jtion ' 
DNP-KLH do; g I , 763 n. s. l. 721 20,323 

(1 ,484-2,092) (1 .~98-1 .9771 (16 .~30-25 '138) 

II PBS ees do; 57' 738 1,365,052 1 ,867 21,118 
(45,091-79. 144) (1,067,570-1,745 429) (I ,345-2,591) (15,516-28,744) 

II PBS PBS doy 10 5. 150 74,198 
< 500 

23 ,823 
(4,228-6,274) (42,718-128 877) (15,230-37,267) 

Ill ees CGG doy 
4, 228 

0, ;. <500 
2, 244 

(3,738-4,920) (1 ,549-3,251) 

Ill pe; CCG doy 10 
4, 728 

<500 
3, 014 

(3,878-5,763) (1 ,638-5.547) 

'" ONP-KLH PBS d;y 6, 647 822 '722 3,560 622,355 
(4,938-8,946) (611 '115-1 '107,785) (2 ,477-5, 117) ( 462, M o-838, 294 J 

I g ONP-KLH PBS doy 10 3,312 310,974 l•, 537 289,490 
(2,725-4,027) (230, 428-~ 19,6 77) (630-3,472) (226' 838-369,44 7) 

DNP-KLH CGG d;y 2' 518 7,586 1, 399 67,273 
(1 ,531-4, 140) (5,571-10,330) (629-3, I 09) (51 ,301-83,217) 

v DNP-KLH CGG d;y 10 
2, 973 8, 180 4,495 43,222 

(2,375-3,722) (4,477-14,944) (3,429-5,894) (31,819-58,171) 

a. Mice were primed by ip injection of 100 119 DNP-KLH. Two months later the mice of the groups Ill and V 
received a supplemental ip injection of 100119 CGG. Five weeks later all mice, except those of group I, 
were boosted with an ip injectlo~ of 100 ).lg DNP-CGG. All antigens were adsorbed on alum. The numbers of 
anti-TNP PFC \•ere measured 8 days and 10 days after the booster injection of DNP-CGG. The mice of 
group V 1>1ere only primed \'lith DNP+KLH. Each group consisted of 5 mice. 

b. Geometric mean:'::\ S£M. 

c. n.s. means that the number of lgG-PFC above the number of lgM-PFC in the indirect plaque as~ay was not 
significant. 

~ 
The Influence of Hapten and Carrier Priming upon the Anti-TNP PFC R"sponse to DNP-KLH in the Bone Marro"' 

Group Primary Supple- Anti-TNP PFC/Organ 
immuni- menta I S leen Bone Marrmv 
zat ion immuni-

I g< I gG lg< I gG 
~at ion 

DNP-CGG day o 2, 639 5,847 84,692 
(2,~07-2,893) (4, 137-7.~89) (79,81<6-89,833) 

II ess ess day 4 
391,281 b 

;. < 500 < 500 ( 345, goo-~42, 61 6) 

ees ees day 6 29,500 c. 2,672 5,242 
(24, 102-36,229) (2 ,067-3 ,452) (3,711-7.~05) 

Ill ess KLH d~y 4 139,280 c. 
I, 1~5 

( 115,522-167 ,92~) (815-l ,597) 

Ill PBS "H day 6 
12,770 4' 176 ;, 

(10,487-15,549) (2,820-6, 182) 

19 ONP-CGG ees day 4 25,209 132,352 2,818 53'~ 30 
(23 '746-26, 762) (92,394-189,591) (1 ,702-4,665) (51 .~68-55,468) 

19 DNP-CGG ees day 6 93,246 1 ,274, 041 9,851 303,566 
(73,083-118,971) (1 '037, 798-1 ,$64, 061) (4,294-22,548) (2~6' 748-373 '468) 

g DNP-CGG "H day ~ 
94,828 1,589,475 2,068 94,375 

(83,324-107,920) (1 ,372, 12S-1 .a~ 1 .2s1 J (1 ,358-3, 149) (85, 179-104 .563) 

g ONP-CGG "" day 6 28,234 957,583 8,558 286,805 
(22,364-35,694) 059,499-1 ,207,328) (7,389-9,413) (228, 883-359, 385) 

Mice were primed by ip injection of 100 J.l9 QNP-CGG emulsified in CFA. Two months later the mice of the 
groups Ill and V received a supplemental iv injection of 10 1'9 KLH. Five weeks !<Her all mice, except the 
mice of group I, were boosted by iv injection of 100 119 DNP-KLK. The numbers of anti-TNP PFC were measured 
4 and 6 days after the booster injection of DNP-KLH. The mice of group I were only primed with DNP-CGG and 
assayed for anti-TNP PFC three months later. Each group consisted of 5 mice. 

b, Geometric r:,ean .:t:_ 1 SEM. 

n.s. means that the number of lgG-PFC above the number of lgM-PFC in the indirect plaque assay was not 
significant. 

89 



marrow after B eel 1 pr1m1ng by DNP-KLH. CGG-specific T cell pr1m1ng had 
no improving influence on the anti-TNP PFC response in the bone marrow. 
Instead, the anti-TNP PFC response upon immunization with DNP-CGG after 
priming with both DNP-KLH and CGG was even 10-fold lower than after 
priming with DNP-CGGonly (Table II). 

The above results show that for antibody formation in bone marrow 
the presence of B memory cells is obligatory. In contrast, T memory 
cells need not to be present at the time of the booster immunization. 

The origin of antibody-forming cells in the bone marrow 
The spleen is needed until 4 days after the booster Injection of 

SRBC for PFC to appear in the bone marrow (8). At day 4 Sx can no longer 
prevent bone marrow antibody formation. To investigate the role of the 
spleen in the initiation of the PFC response in the bone marrow we para
biased mice congenic for the lgh-1 locus. This was done 3 months after 
priming with 107 SRBC iv. One member of each pair of parabionts was Sx. 
The surgery for joining the mice by means of parabiosis and the Sx were 
performed at the same time. Five days after the surgery all mice were 
boosted by iv injection of 2 x 106 SRBC. This low booster dose of SRBC 
was chosen, because higher doses of SRBC can overcome the effect of Sx 
upon the antibody formation in the bone marrow, probably because of 
antigenic stimulation of lymph node tissue (8). Eight days after the 
booster immunization the numbers of lgM, lgha+ and lghb+_PFC were deter
mined in the bone marrow of both members. Parabiosis of a non-splenec
tomized mouse and a Sx mouse could account for a clear anti-SRBC PFC 
response in the bone marrow of the Sx member of the parabiotic pair 
(Table lll), confirming our previous results (8). In parabionts consis
ting of one splenectomized CWB mouse (lghb) and one CWS mouse (lgha) 
80-90% of the indirect PFC in the bone marrow of the CWB member were of 
the lgha allotype (Table 1!1). The number of lghb+_PFC found in the bone 
marrow of the parabiosed Sx CWB mouse was not higher than in the marrow 
of non-parabiotic Sx CWB control mice. Comparable results were found in 
simi Jar experiments with Sx CSW mice parabiosed with non-Sx CWB mice, 
and with Sx BAB/14 mice (lghb) parabiosed with normal BALB/c mice (lgha) 
(Table Ill). Thus, the PFC that appear in the bone marrow of both mem
bers of the parabiotic mice secrete antibody molecules of the allotype 
of' the spleen-bearing member. Thus, antibody formation in bone marrow 
appears to be mediated by the immigration of B memory cells into the 
bone marrow, which are activated by antigen in the periphery. 

Migration of ce Us into the bone marrow after antigen administration 
Radioautography revealed an immigration of eel ls into guinea pig 

bone marrow that was substantially increased after antigenic stimu
lation (Table IV). In control animals not given antigens, small numbers 
of well-label Jed eel ls appeared in tibial marrow 24 hr after adminis
tering a single pulse of 3H-thymidine, the incorporation of the isotope 
having been initially excluded from Lhe hind 1 imb itself by local cir
culatory occlusion. Such label led eel ls were thus derived from DNA
synthesizing eel ls that were located originally in extramyeloid tissues 
and subsequently migrated into the bone marrow during the next 24 hr. 
The number of label led eel ls entering the bone marrow at various inter
vals after control injections sho~o1ed no change with time, and are group
ed together in Table IV. In contrast, for the first 3 days after intra-
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Secondary PFC Response in '"' Bone Marrow of Parabiotic lg-Congenic Mice Consisting of 1 Sx and I ShSx member 

Mice 
0 lgM-PFC lgh-la+_PFC lgh-lb+_PFC 

s, "' s, ShSx s, ShSx 

ewe (Sx) 
b esw 2 ,315c 7' 190 15' 200 35,450 2,560 n. s, 

parabionts (1,714-3,128) (5,574-9,266) (10 629-21 ,690) (29,790-42,310) (2, 151-3,051) 

ewe (Sx} ocd esw 3' 044 9,240 n, s. 43,280 3,832 n.s. 
controls (2,611-3,550) (6,372-13,412) (37 ,635-49 '765) (3,361-4,378) 

CSW (Sx} ewe 5 '100 7' 395 6, 503 ;, 13,989 34,807 
parabionts (3,410-7,628) (5, 320-10' 31 0) (4, 116-10,274) (9,998-19,258) (27 ,625-43 ,826) 

CSW (Sx} ocd ewe 4,463 10,820 5,168 ;. n, s. 52,875 
controls (3' 188-6,290) (9' 409-12' 465) (2,936-9,110) (42,988-65,300) 

BAB/14{sx) - BALB/c 1 ,927 5,220 18,241 31 ,590 2' 116 
parabionts { 1 ,567-2' 365) {3,810-7,172) {13,029-25,553) (25,476-39,181) (1 .571-2,852) 

BAB/14{Sx)and BALBI c 2,680 8,290 71 '740 4' 358 
(2,330-3,094) {6,579-10,451) (65,817-78,225) (3,857-4,939) 

The allotype of CSW and BALB/c mice is lgha and of CWB and BAB/14 mice is lghb. 
b. Mice congenic for the lgh-1 locus were primed with 107 SRBC. Three months later these mice 1-1ere primed for 

parabiosis and at the same time one of the members was splenectomiled (Sx). Control mice primed with 107 
SRBC were Sx or ShSx 3 months later F1ve days after surgery all mice were boosted by •v InJeCtiOn o& 
2 x 106 SRBC E1ght days after the booster InJeCtion the number of lgh-a+_ and lghb+_PFC were determ ned 
in the bone marrow of all mice. 

c. Geometric mean+ 1 SEM from five or six mice. 
d. n.s. means that-the number of lgha+ resp. lghb+-PFC above the number of lgM-PFC in the indirect rlaqwe 

assay was not significant. 

TABLE IV 

The Influence of Systemic Antigen Administration upon the Higration of Blood-borne Cells into the Bone Marrm,• 

Cell type 

Total cells 

Small lymphocytesc 

Large mononuclear cellsd 

Immature plasma cells" 

Damaged cellsf 

Influx of 
nucl~i\ted 

• 7 .:!: 0 

0. I ' 0 06 

0. 7 .:!: 0 

0. I ' 0 02 

8 • u 

I abe I ed blood-borne ce II s in 
ce II s) " various days after 

' 3 ' days days days 

7. I 8.5 

0.1 

1.5 '.' ),) 

0.6 

5. 0 2.2 

"' bone marrow ' {per I ,ODD 
injection of TAB vaccine: 

5 6 
days days 

"' "' u 
0.8 

0. 5 

1.1 1,1 

a. Labelled cells { 10 grains) in radioautographs of guinea pig tibial marrow, 2~ hr after 3H-thyrr.idine had 
been administered systemically but excluded from hind limb tissues by temporary occlusion of the hind limb 
circulation. 

b. Mean 2. S.E. of control experiments at 5 intervals after injecting fluid devoid of TAB organisms. 

c. Lymphocytes measuring 8.0 J.l nuclear diameter. 

d. Including large lymphoid {transitional) cells, 8.0 J.l nuclear diameter, having a leptochromatic nucleus and 
high ratio of nucleus to cytoplasm; large basophilic blast-like cells, 15-17 J.l diameter; and monocytoid 
cells, 13-17 \l diameter, \-lith irregular-shaped nucleus and moderate to plentiful amounts of pale-staining 
cytoplasm. 

e. Large cells, 12-15 J.l diameter, 1-1ith an indented or flattened nucleus, plentiful moderately basophilic cyto
plasm and a clear paranuclear area. 

f. l.'ell-defined, but structureless "smudge" cells. 

vascular injection of TAB vaccine the number of labelled immigrants in
creased 3- to 4-fold. At long post-antigen intervals the influx of 
label.led cells returned towards normal values (Table IV). 

Morphologically, the labelled marrow immigrants in control animals 
comprised a few smal 1 lymphocytes and putative plasmablasts together 
with larger proportions of various large mononuclear cells and fragile 
cells that appeared as damaged forms in smears, respectively. AI 1 
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categories except small lymphocytes \,rere increased after antigen stimu
lation, as detailed in Table IV. 

The radioautographic criteria used ensured that al 1 cells scored 
as labelled ( 10 grains) represented only the actual immigration of 
label led cells and excluded any weak label 1 ing that might result from 
local reutilization of radiolabelied materials circulating from the 
extramyeloid tissues. Although some eel ls in the initially occluded 
marrow showed minimal labelling of a few grains per cell, the labelling 
incidence dropped rapidly with increasing grain count to zero at 10 
grains per cell. Separate counts of granulocyte progenitors (myeloblasts, 
myelocytes, metamyelocytes), known to be locally produced in the bone 
marrow, showed that whereas some cells (2 to 3%) had small numbers (3 
to 5) of overlying grains, none exceeded 5 to 7 grains. In contrast, 
the label led immigrants often exceeded 30 grains per cell. There was 
no difference in the mean labelling intensity of labelled immigrants 
either between the bone marrow of control (21 .3 + 1.5 grains per cell) 
and experimental (22.7 + 1.4 grains per cell) series of experiments, 
respectively, or at various post-antigen intervals. 

Similar labelled eel Is were detected in the blood. During the ele
vated post-antigen influx of eel Js into the marrow (4 days post-TAB; 
24 hr post-3H-thymidine) a count of 1000 mononuclear eel is in blood 
smears revealed Iabell ing (<10 grains) of 5.3% of the small lymphocytes 
and 20.0% of the larger mononuclear cells, together with some highly 
labelled damaged 11 smudge 11 cells. 

In absolute numbers the labelled immigrants detected in the bone 
marrO~t-1 after antigenic stimulation represented approximately 10,000 to 
15,000 cells per cu. mm of marrO\,r. Being the basis of labelling ~t-Jith 

only a single pulse of 3H-thymidine, this figure represents a minimal 
estimate of the total influx of eel ls. The substantial size of this 
population indicates that the label led eel Is had localized within the 
marrO\,r parenchyma, being greatly in excess (1,000-fold) of the number 
that could be attributed simply to blood eel ls in the marrow ci rcula
tion, which itself accounts for only approximately 5% of the total 
marrow volume in the guinea pig tibia (15). Moreover, the proportions 
of label led cells of various types differed markedly in blood and mar
rmv; small lymphocytes comprised approximately 30% of the labelled 
eel Is in the blood, but only about 3% of those in the marrow. 

DISCUSSION 

The origin of the antibody-producing eel Js found in the bone mar
row has to date remained unresolved. Evidence that antibody formation 
can take place in the bone marrow has been presented in the literature 
during the last decade of the 19th century. !n most species, thymus
dependent antigens induce the appearance of antibody-forming cells in 
the bone marrow only after repeated stimulation with the same antigen. 
However, thymus-independent antigens often induce bone marrow antibody 
formation already in the primary response (see for extensive review 
Reference 1). Studies reported herein show that PFC appearing in the 
bone marrow after secondary immunization with thymus-dependent antigens 
are the progeny of immigrant cells that originate from the spleen 
(Tab I e I II). 
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The migration of eel ls from the sp1een to bone marrow takes place 
during the first few days of the secondary response, as can be con
cluded from experiments in mice Sx at different intervals after the 
booster injection. These experiments revealed that Sx 4 or more days 
after the second booster injection no longer influences the bone marrow 
PFC response, whereas Sx on day 2 can completely prevent bone marrow 
antibody formation (7). Thus, the appearance of bone marrow PFC (4,5) 
requires activation of memory eel ls in the periphery rather than in 
situ (Table Ill). 

Bone marrow antibody formation is dependent on the availability of 
specific memory cells (4) at the time of reimmunization (5). To date it 
has been unclear whether only B memory eel ls, only T memory eel ls, or 
both B and T memory eel ls are required. The present study demonstrates 
that the presence of B memory eel Is is the only obligate requirement 
(Table I and II). The T-dependent activation of B memory cells and the 
first part of their differentiation into PFC 1 ikely occur in peripheral 
lymphoid organs. In these organs B-T collaboration can occur more effi
cient than in the marrow (6). 

Previously, the entry of individual eel ls into the bone marrow 
after antigen stimulation has not been demonstrated directly or charac
terized morphologically. The present radioautographic studies in guinea 
pigs reveal that certain newly formed eel ls normally enter the bone 
marrov.J from the blood stream and that this migration is substantially 
increased for the first 3 days following adm'1nistration of TAB vaccine, 
thus corresponding closely in timing with the migration of PFC precur
sors from the spleen to the marrow during the secondary immune response 
to thymus-dependent antigens in mice. Although the effects in guinea 
pigs are observed after a single dose of TAB vaccine, the response to 
these complex antigens probably includes a substantial secondary com
ponent. 

Morphologically, the immigrant eel Js are diverse, consistent with 
the inclusion of immunoglobulin-secreting plosmablasts, activated lym
phoblasts, and other cells. !n contrast, although label Jed newly formed 
small lymphocytes are present in the blood, very few of these cells 
enter the marrO\,r, Marrow immigrants in control and antigen-stimulated 
animals, although differing in numbers, show a simi Jar range of morphol
ogy as well as comparable eel 1 kinetics, judged by their 3H-thymidine 
label 1 ing intensity. The immigration in control animals may reflect a 
flow of eel ls activated in peripheral lymphoid tissues by continuous 
exposure to environmental antigens. It is also not excluded that some 
marrow immigrants may have non-immunologic haemopoietic potentials in 
the marrow. 

The cells demonstrated radioautographically to enter the bone mar
row after antigenic stimulation are derived from eel ls that previously 
had been actively proliferating in extramyeloid tissues. As mentioned 
above, the bone marrow PFC response in mice is not affected by splenec
tomy four or more days after the booster injection (7). The long
lasting maintenance of the PFC response in the bone marrow cannot be 
explained by a continuous influx of antibody-forming eel ls from the 
periphery. This can be concluded from our previous experiments showing 
that in the case of parabiosis of mice with an ongoing antibody-forming 
eel 1 response and non-immunized mice or recently primed mice, only 
minor numbers of PFC could be found in the bone marrow of the latter 
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{16). This raises the intriguing question whether the immigrant eel ls 
can still proliferate in the bone marrow. If the immigrant cells cannot 
continue to proliferate in the bone marrow, then the normal, long
lasting maintenance of the PFC response can only be explained by a 
long l"1fetime of the PFC in the bone marrow. Evidence for a long 1 ife 
span of at least a part of the plasma eel ls in the bone marrow as com
pared to plasma eel ls in the spleen has been presented by Tyler and 
Everett (17). 

B cell priming with DNP-carrier conjugate greatly enhanced the 
TNP-specific lgG-PFC response in the bone marrow after a booster injec
tion of DNP conjugated to a heterologous carrier (Tables I and I 1). In 
contrast, pre-immunization with the homologous carrier protein only did 
not facilitate the antibody formation in the bone marrow. This latter 
result shows that the occurrence ofT memory cells only is not suffi
cient. We did not ah,.rays find a clear helper effect of pre-immunization 
with carrier protein on the anti-hapten PFC response in the spleen. 
Probably this is caused by the immunization schedule used. Especially 
the high booster dose used to get optimal antibody formation in the 
bone marrow could have masked such a helper effect. This aspect is sub
ject for further studies. 

When the mice were primed with DNP-KLH and boosted with DNP-CGG, 
additional immunization with CGG caused a clear suppression of the anti
TNP PFC response in spleen and bone marrow. Similar data concerning 
antibody formation in the spleen have been reported by others {18,19). 
Whether this suppression is carrier specific or hapten specific remains 
to be established. Evidence for both possibilities have been presented 
(18, 19). Important in the context of the present study is that the 
suppression leads to a lower PFC response in both the spleen and the 
bone marrow. 
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DIFFERENTIAL REQUIREMENT FOR B MEMORY AND T MEMORY CELLS IN ADOPTIVE 

ANTIBODY FORMATION IN MOUSE BONE MAIIROfl 

G. Koch and R. Benner 

Dept. of Cell Biology and Genetics~ Erasmus University> Rotterdam> 
The Netheda:nds 

SUMMARY 

During the secondary response of mice to T-dependent antigens, 
antibody-producing plaque-forming cells (PFC) appear not only in periph
eral lymphoid organs, but also in the bone marrow. This bone marrow 
antibody formation is feeble after primary immunization. The capacity 
of bone marrow antibody formation is dependent on the presence of 
antigen-specific memory eel ls at the moment of secondary immunization. 
We investigated whether hapten-primed 8 memory, carrier-primed T memory 
or both B memory and T memory eel ls are required for the adoptive PFC 
response in the bone marrow toT-dependent hapten-carrier conjugates. 
Adoptive antibody formation in the bone marrow was found after transfer 
of hapten-primed spleen cells, but not after transfer of carrier-primed 
spleen cells or virgin spleen cells. Thus, B memory cells are obligato
ry for adoptive antibody formation in the bone marrow, in contrast toT 
memory cells. However, T memory cells did facilitate the bone marrow 
PFC response mediated by the infused B memory cells. 

INTRODUCTION 

Secondary, but not primary, immunization of mice with T-dependent 
antigens, induces large numbers of antibody-producing plaque-forming 
cells (PFC) in the bone marrow (Benner, Meima, van der Meulen & van 
Mu i swi nke 1, 1974b). Our i ng the first week of the response most PFC are 
localized in spleen and lymph nodes. After the first week, however, 
the number of PFC localized in the bone marrow is 3- to 10-fold greater 
than in al 1 other lymphoid organs together. 

During the 1 ife span the number of immunoglobulin (I g)-secreting 
cells in the bone marrow increases enormously (Benner, 1981). This 
raises questions about the mechanism underlying antibody formation in 
the bone marrow, and about the regulation of the distribution of anti
body-forming eel ls over the various lymphoid organs. 

Several experiments with mice have revealed a coincidence between 
the occurrence of BandT memory cells and the capacity of bone marrow 
antibody formation in response to the antigen used for priming (Benner, 
Meima & van der Meulen, 1974a). However, there is only 1 ittle infqrma
tion as to whether the presence of both BandT memory cells, only B 
memory eel ls or only T memory cells is required. To study the cellular 
requirements of the marrow response we employed the technique of adop
tive antibody formation in lethally irradiated syngeneic mice. 
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MATERIALS AND METHODS 

Mice. Female (C57BL/Rij x CBA/Rij)Fl mice, 14-20 weeks of age, were 
used. They were purchased from the Laboratory Animals Centre of the 
Erasmus University, Rotterdam, The Netherlands. 

Antigen and immunization. Keyho 1 e 1 impet hemocyanin (KLH) was din i tro
phenylated to a level of 6-8 DNP molecules per 105 Dalton units, and 
chicken gamma globulin (CGG) to a level of 8-10 ONP molecules per pro
tein molecule as described previously (Koch, Osmond, Julius & Benner, 
1981). SRBC from a single donor were used. They >vere stored in 
Alsever 1 s solution and washed three times in a balanced salt solution 
(BSS) before use. 

Donor mice were primed by an intraperitoneal (ip) injection of 
100 ~g alum-adsorbed carrier or hapten-carrier conjugate, or with an 
intravenous (iv) injection of 107 SRBC. Mice immunized with hapten
carrier conjugate or SRBC were used 2-3 months after priming, and mice 
immunized with carrier only after 2-6 weeks. 

Preparation of cell suspensions. Cell suspensions \>Jere prepared in a 
balanced salt solution (BSS) as described previously (Benner et al., 
1974b). 

Cell counts. Nucleated eel ls were counted with a Coulter Counter Model 
B. Viable nucleated eel ls were counted in a haemocytometer using 0.2% 
trypan blue in BSS as a diluent. The viability of the transferred eel 1 
suspensions was more than 80%. 

Selective depletion ofT lymphocytes. Monoclonal mouse anti-Thy-1 .2 
(from clone F705) was purchased from Olac 1976 Ltd. For the cytotoxic 
depletion ofT eel Is 5 x 107 spleen eel ls/ml were incubated for 30 min 
at 40C with 1:120 diluted anti-Thy-1.2 antibodies. Spleen cells incu
bated with BSS instead of anti-Thy-1 .2 were used as a control. After 
washing the ce6ls were resuspended in 10 111 undiluted guinea-pig com
plement per 10 cells and incubated for 20 min at 37°C. Finally the 
cells were washed twice and gently resuspended in BSS. 

Selective depletion of B lymphocytes. The method described by Julius, 
Simpson & Herzenberg (1973) was used for the depletion of B lymphocytes, 
with one minor modification. The nylon wool columns (Fenwool Laborato
ries, Merton, Gevel, 11 J) were prewashed with BSS supplemented with 5% 
bovine serum albumin (BSA) instead of fetal calf serum. Approximately 
90-95% of the recovered spleen cells were T lymphocytes as shown by 
indirect membrane fluorescence staining. 

Irradiation. The recipient mice received 7.5 Gy >vhole body irradiation 
generated in a Phi lips MUller MG 300 X-ray machine (Benner et al., 
1974a). During irradiation the dose was measured with a NE lonex 2500/3 
dosimeter. 

Cell transfer. Recipient mice were iv injected with the appropriate 
cell suspensions together with antigen within 4 hr after irradiation. 
They were immunized with 100 119 of the relevant hapten-carrier conju
gate without adjuvant. 
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Assay for plaque foY'r!!ing cells (PFC). Cell suspensions were prepared 
and assayed for lgM and !gG anti-TNP PFC as described previously (Koch 
et al., 1981). CGG \vas coupled to SRBC by the CrCl3 method (Gold & 

Fudenberg, 1967). For the calculation of the PFC response in the bone 
marrow of the 1vhole animal v;e multiplied the response by the marrow 
cells of the t~vo femurs ~vith a factor of 7.9 (Benner, van Oudenaren 
& Koch, 1981). 

RESULTS 

Antibody f'01~ation in spleen and bone marrow after transfer of graded 
numbers of primed B and pr:med T cells. 

The contribution of B memory and T memory eel ls to antibody forma
tion in the bone marrQ\-J \vas investigated by means of adoptive transfer 
of spleen cei ls to irradiated syngeneic mice, and heterologous hapten
carrier conjugates as antigen. To determine the optimal dose of carrier
primed spleen eel ls for the adoptive PFC response in spleen and bone 
marrow, we transferred graded numbers of KLH-primed spleen cells to
gether with unprimed spleen eel ls, ~ x 107 DNP-CGG-primed spleen gel ls 
and 100 ~g DNP-KLH. Al 1 recipient mice received in total 1 .~ x 10 
spleen eel ls. The number of KLH-reactive T eel ls had no influence on 
the number of lgM- and lgG-producing PFC in the spleen (Fig. 1, left). 
In contrast, the bone marrow PFC response increased with increasing 
number of KLH-primed eel ls transferred. When the logarithm of the num
ber of anti-TNP PFC in the bone marrmv vJas plotted against the logarithm 
of the number of KLH-primed cells transferred, a 1 inear relationship 
1vas observed. The same result was observed, ~vhen nylon \•Jool-enriched 
KLH-primed T cells were transferred (data not shown). 

In a comparable approach ,,-~e investigated the relationship between 
the number of DNP-primed B eel ls and the adoptive anti-TNP PFC response 
in spleen and bone marrovJ. 

The requirer1ent for B mernoY'y and T memory cells in adoptive antibody 
foY'r!!ation in bone marrol.J. 

The requirement for B memory and T memory eel ls in the adoptive 
bone marrmv PFC response to DNP-KLH 1,1as studied by comparing the re
sponses in four different groups of mice (Fig. 2). Group 1 was a control 
group which received spleen cells from normal mice only and \Vas used to 
measure the primary adoptive PFC response to DNP-KLH. Mice of group 2 
received KLH-primed spleen eel ls as a source of KLH-reactive T memory 
eel ls along with spleen eel ls of unprimed mice. Mice of group 3 were 
given spleen eel ls from donor mice immunized with DNP-CGG as a source 
of DNP-reactive B memory eel ls together with unprimed spleen eel ls. 
Both, DNP-primed spleen eel ls and KLH-primed spleen eel ls were trans
ferred to the recipient mice of group ~- Al 1 recipient mice received 
DNP-KLH together with the transferred eel ls. Transfer of DNP-reactive 
B memory cells greatly faci 1 ita ted the anti-TNP PFC response in the 
bone marrow. In the spleen an enhancement ,vas found as well, but espe
cially of the lgG-PFC response (data not shown). Carrier-reactive T 
memory cells could enhance the bone marrmv PFC response, provided they 
were transferred together with DNP-primed spleen eel ls. No PFC response 
was found in the bone marrow after transfer of carrier-reactive T 
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Figure 1. Adoptive PFC response in spleen (open symbols) and bone marrow (closed sym
bols) to 100119 DNP-KLH. Irradiated syngeneic recipient mice wer"e !"€Constituted with 
graded numbers of KLH-primed spleen cells and 4 x 107 DNP-CGG-primed spleen cells 
(left) or graded numbers of DNP-CGG-primed spleen cells together with 4 x 107 KLH
primed spleen cells (right). Spleen cells of non-immune mice were added to the 
transferred primed cells so that every recipient received 1.4 x 108 cells. The number 
of lgM- (.6..,.6) and lgG-producing (Q,fil anti-TNP PFC v1ere enumerated 7 days after 
cell transfer. Each point represents the geometric mean of 5 mice+ 1 SEM. Wherever 
the geometric mean is below the value of the abscissa the actual n~mber of PFC is 
indicated by the number between brackets. 
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Figure 2. Influence of B memory and T memory cells upon the adopt1ve PFC response to 
JQ.Q vg ONP-KLH. Irradiated mice were reconstituted 1>1ith 4 x 107 spleen cells from non
immune mice and/or from mice immunized as indicated, so that each recipient received 
8 x 107 spleen cells. The number of lgM- (A) and lgG-producing (fil anti-TNP PFC 
were enumerated in the bone marrow at 7, 11, and 15 days after cell transfer. Each 
point represents the geometric mean of 5 mice+ 1 SEM. 
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memory cells along with unprimed spleen eel Is. Essential iy the same 
results were obtained when the DNP-CGG primed spleen eel ls were deple
ted ofT cells by treatment with anti-Thy-1 .2 serum plus complement 
(Tab I e I). 

In Figure 3 data are presented of similar experiments using DNP
KLH-primed spleen eel ls together with CGG-primed spleen cells. High 
numbers of anti-TNP PFC appeared in the bone marrow provided DNP-reac
tive B memory eel Is were transferred. Transfer of CGG-reactive T memory 
eel ls together with unprimed spleen eel ls was not sufficient for the 
appearance of an anti-TNP PFC response in the bone marrow, although 
they could enhance the marrow anti-TNP response mediated by DNP-KLH
primed spleen cells (Fig. 3, upper part). Anti-CGG PFC appeared only in 
th:::: bone marrow of recipients v;hich received spleen cells of mice immu
nized \oJith CGG. Both anti-TNP and anti-CGG PFC were found in the marrow 
of irradiated recipients inoculated with DNP-primed B eel ls as well as 
CGG-primed B cells. 

T eel 1 depletion of SRBC-primed spleen cells by treatment with 
anti-Thy-1 .2 plus complement abrogated the anti-SRBC PFC response in 
the bone marrow, Hhile only a marginal PFC response in the spleen Has 
found. Addition of nylon wool purified primed T cells to the T cell
depleted spleen eel ls restored the PFC response in the bone marrow and 
in the spleen. Partial restoration of the marrow PFC response Has ob
tained with nylon wool purified spleen cells of unprimed mice (Table 2). 

These experiments show that PFC can only appear in the marrow when 
antigen-specific memory eel ls are present on the time of the booster 
injections and that B memory eel ls, but not T memory eel Is, are crucial 
for antibody formation in the bone marrmo;. Although the T memory cells 
are not obligatory, they do enhance the bone marrow response by the B 
memory cells. 
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Effect of booster dose on the adoptive antibody formation in bone 
marrow 

Irradiated mice reconstituted with 4 x 107 DNP-CGG-primed and 
4 x 107 KLH-primed spleen eel ls were given an iv booster injection of 
0, 0.01, 1 or 100 ~g DNP-KLH. At each booster dose tested a PFC re
sponse was found in the spleen as well as in the bone marrow. For the 
spleen the optimum dose DNP-KLH was found to be 1 ~g when tested 7 days 
after eel J transfer. In contrast, in the bone marrow the PFC response 
increased with increasing booster dose of DNP-KLH (Table 3). This result 
shows that adoptive bone marrow antibody formation to hapten-carrier 
conjugates is a regular phenomenon, and not the consequence of a non
physiological high booster dose of antigen. 

DISCUSSION 

This paper shows that adoptive antibody formation in the bone mar
row to T-dependent hapten-carrier conjugates is completely dependent 
upon the transfer of hapten-primed B memory eel ls. Unprimed B eel ls do 
not give rise to bone marrow-localizing PFC, independent of whether 
they are transferred together with carrier-primed T memory eel ls or 
in combination with virgin T eel ls (Figs. 2 and 3). Apparently, virgin 
and memory B eel ls are basi cal Jy different with regard to the capacity 
to mount a bone marrow PFC response. When B memory cells in the periph
eral lymphoid organs are reactivated by the antigen used for priming, 
they can migrate toward the bone marrow via the blood stream and there 
further mature into ant"lbody-secreting PFC (Benner et a]., 1974b; Koch 
et aJ., 1981). The experiments reported in this paper and elsewhere 
(Koch et al., 1981) show that virgin B cells and their direct offspring 
do not have this capacity. 
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TABLE 3 
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T memory eel ls were found to enhance the bone marrow PFC response 
by transferred B memory cells in a dose-dependem: V>Jay (F;g, 1, ieft). 
A similar effect was not observed for the PFC response in the spleen. 
This suggests that adoptive antibody formation in rhe bone marrow re
quires more T cell help than adopt"1ve ant"1body format"1on in the sp.leen. 
So far it is unclear whether antibody formation toT-dependent antigens 
in the bone marrow requires T cell help •vithin the l:•crro""· irseif. The 
present data would be compatible with such a supposition, since infused 
T cells localize more readily in spleen and lymph nodes than in the 
bone marrO\oJ (Taub & Lance, 1968). 

It is unlikely that T memory cells and virgin T cells differ qua1 
itatively with respect to their capacity to enhance the adoptive bone 
marrmv PFC response by restimulated B memory cells. Th·s vie\~' is bas2C 
upon adoptive transfer experiments with ONP-CGG-primed lymph node cei Is 
and ONP-KLH as booster antigen. In these experiments KLH-primed eel ls 
were unable to improve the bone marrow response (data not shown). Th:s 
is probably due to the fact that lymph nodes contain a larger propo!-
tion ofT eel ls than spleen (Raff, 1971). 

In previous studies with intact mice primed and boosted with he:c
rologous T-dependent ONP-carrier conjugates we have also observed that 
B memory cells are required and sufficient for anribody formarion :n 
the bone marrow (Koch et al., 1981). Hmo,rever, in -chese srudies a pass
ble facilitating influence of circulat;ng anti-DNP antibodies and hap
ten-specific T memory eel ls induced by the primary immunization could 
not be ruled out. The adoptive transfer experimenis reported here sho~ 
that specific antibodies are not required for anribody farma:ion in ~ 1 12 

bone marrow. Furthermore, passive transfer of lgGl and igG2 an:i-DNP 
antibodies did not enhance the adoptive PFC response in the bone mar;·ckJ 
of the recipients (data not shown). 

The present experiments are also relevant lrJi-ch ,-egard LO ~he pcs
sibil ity that in intact mice the requirement for carrler-spec:flc T 
memory eel ls for bone marrow antibody formation was by-passed by using 
hapten-specific T memory eel ls. We tested this possibility by trans
ferring anti-Thy-1 .2 treated DNP-CGG-primed spleen cells togerber wi-ch 
normal spleen eel ls using DNP-KLH as booster antigen. In these experi
ments we found that ONP-primed B eel ls together with unprimed T eel ls 
mounted a normal anti-TNP PFC response in the bone marrow of the recl;
ient mice (Table 1). 

The occurrence of antibody formation within the bone marrow in 
adoptive transfer experiments is highly dependent upon the number o~ B 
memory cells transferred (Fig. 1). In our previous st~dies with hete-~
logous erythrocytes as antigen and transfer of 2 x 10' viable n~c]eat~c 
immune spleen cells, we did not find antibody-producing PFC In :he 
marrmv of the recipients (Benner et al., 1977). l.Jo\AJcver, ahe1· transf-2,
of 4 x 107 immune spleen cells or more, PFC can appear in the bone 
marrow, both with heterologous erythrocytes as an-,:igen (Table 2), and 
with hapten-carrier complexes (Figs. 1-3). Apparent;f, a thre.srold 
number of B memory cells has to be present in the animal before secor 
ary immunization can lead to antibody formation in the bone marrmv, 
This can also explain why in the present adoptive transfer experiments 
the height of the bone marrow PFC response as compared tc The splen·c 
PFC response is smaller than in intact mice (c.f. 3<ollncr 2:: .-::;"! 197'+~_:; 
The dependence of bone marrow antibody formation on large nwrc.'oers of G 
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memory cei ls stands ln clear contrast to the dependence of the booster 
dose of antigen. Low booster doses of antigen, which lead to antibody 
formation in the spleen, concomittantly give rise to PFC in the bone 
marrow (Table 3). 

ln conclusion, antibody formation in the bone marrow is a regular 
pher,omenon during secondary responses toT-dependent hapten-carrier 
complexes. The phenomenon is independent of the dose of antigen used 
for booster immunization, of the presence of circulating hapten-specif
ic antibodies and ofT memory cells, but absolutely dependent upon the 
availabil lty of hapten-reactive B memory cells. 
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Netherlands a11.d the Basel Institute for Imrmmology, Basel, Switzerlcrad 

SUMMARY 

Primary immunization of mice with certain thymus-independent (TI) 
antigens (i.e., TNP-LPS and DNP-Ficoll) leads to antibody formation in 
the bone marrow (BM). TNP-Brucella abortus, Pneumococcus pneumoniae 
organisms and a.-(1 ,6)dextran, on the other hand, do not induce a BM 
antibody-producing plaque-forming cell (PFC) response. This paper deals 
with the mechanism underlying antibody formation in the BM to TNP-LPS 
and DNP-Ficoll. The majority of the BM-local izing PFC induced by TNP
LPS are formed within the BM from the proliferating lymphocyte pool, 
because this response was found to be resistant to splenectomy, and 
sensitive to treatment with hydroxyurea (HU) before immunization. This 
local activation of newly formed B cells requires in addition to the 
antigenic signal of TNP-LPS the mitogenic signal from the 1 ipid A com
ponent of LPS. In contrast, the BM PFC response to DNP-Ficoll was 
reduced in splenectomized mice, and resistant to HU treatment before 
the primary immunization. Thus, antibody formation in the BM to DNP
Ficoll is mainly dependent on long-lived B cells that migrate from the 
peripheral lymphoid organs into the BM. 

INTRODUCTION 

After primary immunization of mice with the thymus-independent (TI) 
antigen 1 ipopolysaccharide (LPS) antibody-producing plaque-forming 
cells (PFC) appear not only in the spleen, but also in the bone marrow 
(BM) (1). Data have been presented suggesting that these PFC are not 
immigrants from the peripheral lymphoid organs, but have developed from 
their precursors in situ (2). Such a mechanism underlying the BM PFC 
response to LPS would be in clear contrast to the mechanism of antibody 
formation in the BM to thymus-dependent (TD) antigens. The antibody 
formation to TD antigens in the BM is strictly dependent upon the immi
gration of antigen-activated B 1 ineage eel Is from peripheral lymphoid 
organs (3). 

These putatively different mechanisms underlying antibody forma
tion in the marrow to TD antigens and LPS might be explained by the 
mitogenic properties of LPS (4-6). The hypothesis can be put forward 
that antibody formation in the BM after primary immunization with LPS 
requires in addition to the antigenic component of LPS a second, mito
genic, signal provided by the lipid A component of LPS. According to 
this hypothesis, abolishment of the 1 ipid A component of LPS should 
prevent the anti-LPS PFC response in the BM. Also, primary immunization 
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with Tl antigens that have no mitogenic properties should not lead to 
the appearance of PFC in the BM. Furthermore, the marrow PFC response 
to LPS should be dependent on the number of newly formed B lymphocytes 
in situ. 

The present paper verifies these predictions by investigating (a) 
the effect of detoxification of LPS upon its abi 1 ity to evoke BM anti
body formation, (b) different Tl ant'1gens w'rth regard to their ability 
to evoke antibody formation in the BM, (c) the effect of conjugation 
of 1 ipid A to the TD antigen sheep erythrocytes (SRBC) upon its abi 1 ity 
to cause a primary anti-SRBC PFC response in the BM, and (d) the effect 
of depletion of the population of newly formed B eel ls upon the PFC 
response to TNP-LPS in the BM. 

MATERIALS AND METHODS 

Mice. Female (C57BL/Rij x CBA/Rij)FI, C57BL/6J, CBA/J and BALB/c mice 
were used. The (C57BL/Rij x CBA/Rij)Fl hybrid mice, 14 to 20 weeks of 
age, were purchased from the Laboratory Animals Centre of the Erasmus 
University, Rotterdam, The Netherlands; female C57BL/Ka-nu/nu mice, 
13 to 14 weeks of age, were purchased from the Radiobiological Institute 
TNO, Rijswijk, The Netherlands; and female CBA/J, C578L/6J and BALB/c 
mice, 8 to 12 weeks of age, were obtained from the lnstitut fUr 
Biologisch-Medizinische Forschung AG, FUll insdorf, Switzerland. 

Antigen o.nd immunization. LPS from E.coli 055:85 (Difco Laboratories, 
Detroit, Ml), prepared according to the phenol-extraction method, was 
conjugated with 2,4,6-trinitrobenzenesulfonic acid (TNBS) essentially 
as described by Quintans and Lefkovits (7) with only one minor modifi
cation. An amount of 100 ~g of LPS was dissolved in 10 ml of 2% (w/v) 
sodiumcarbonate and 100 ~g TNBS was added. After stirring for 16 hours 
at 25°C, TNP-LPS was extensively dialyzed against balanced salt solu
tion (BSS). LPS was detoxified by alkaline hydrolysis, carried out by 
heating at 56oc in INNaOH during 1 hr (8). Alkal 1-treated 1 ipid A vJas 
a gift from Or. C. Galanos from the Max-Planck fnstitut fUr lmmuno
biologie (Freiburg, FRG). Sensitization of SRBC with 1 ipid A was per
formed by incubation of a 5% (v/v) suspension of SRBC with lipid A at 
a concentration of 50 ~g/ml for 30 min at 37°C. Fico] 1, m.w. 400,000 
daltons, was purchased from Pharmacia (Uppsala, Sweden). It was deriva
t'lzed to N-(2-aminoethyl)carbamylmethylated Ficoll (AECM-Ficoll) accord
ing to the method described by Inman (9). AECM-Ficol 1 was conjugated 
with dinitrobenzenesulfonic acid as described by Eisen (10). Whole 
heat-k'illed formalinized pneumococci (Pnewnococcus pneumonia£ strain 
R 36A) was obtained from Or. C. Berek from the Basel Institute for 
Immunology. Dextran B512 (a-(1 ,6)dextran) was kindly provided by Dr. A. 
Coutinho from the same Institute. Whole heat-killed Brucella abortus 
bacteria were obtained from Dr. P. van der Heyden from the Central Vet
erinary Institute, Schiedam, The Netherlands. These bacteria were conju
gated vlith TNBS as described by Mond et al. (11). All immunizations 1.o1ere 
done by i .v. injection in a tail vein, unless stated otherwise. 

Prepm~ation of cell suspensions. Cell suspensions of spleen and femoral 
bone marrow were prepared in BSS as described previously (12). 
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Assay for PFC. Cell suspensions were assayed for lgM- and lgG-PFC as 
described previously (12, 13). Target SRBC were conjugated with TNBS as 
described by Rittenberg and Pratt (14). SRBC were coated with LPS as 
described previously (1). Para-diazonium-phenylphosphorylchol ine, kindly 
provided by Or. C. Heusser of the Basel Institute for Immunology, was 
synthesized according to Chesebro and Metzger (15), and was coupled to 
SRBC as described by Claflin et al. (16). To enumerate the number of 
anti-dextran PFC, donkey red blood eel Is (DRBC) were coated with stea
ryldextran conjugate (kindly provided by Or. A. Coutinho). Shortly, 
40 mg of a.-(1 ,6)dextran conjugated with stearylchloride were incubated 
for 60 min at 37°C with 0.5 ml packed DRBC in 9.5 ml saline, according 
to the method described by Leon et al. (17). The complement (C) used 
was purified by affinity chromatography on Sepharose-protein A accord
ing to van Oudenaren et al. (18). PFC activity in the BM of individ
ual mice was determined in the pooled marrow of both femurs. For the 
calculation of the PFC response in the BM of the whole animal we multi
plied the response by the BM cells of two femurs with a factor of 7.9 
(12). Calculation of the PFC response per 106 nucleated bone marrow 
eel ls from the data presented, is possible by taking into account that 
one mouse femur contains approximately 2 x 107 nucleated cells. 

Hydroxyurea (flU) treatment. Mice were exposed to HU according to the 
schedule devised by Hodgson et al. (19). Mice were given two i .p. in
jections of HU at a dose of 1 g/kg body weight. The second injection 
was given 7 hr after the first. The rationale for using two doses in
stead of one was to allow the pro! iferating cells not in the S-phase at 
the time of the first dose to enter the S-phase and thereby to become 
susceptible to kil 1 ing by the second dose of HU. 

Sp~enectomy. Splenectomy and sham-splenectomy were performed 1 mo 
before immunization with TNP-LPS or DNP-Ficoll. Mice were anaesthetized 
by an i .p. injection of 0.1 ml/10 g body weight of a 1:40 diluted stock 
solution of Avertin (stock solution: 1 g 2,2,2-tribromoethanol (Merck
Schuchardt, MUnchen, FRG) in 0.5 g 2-methyl-2-butanol). The incision 
was made in the left upper abdomen. For splenectomy, the splenic blood 
vessels were tied in a single suture, then cut, and the spleen was 
removed. The incision >Vas closed in two layers. There was no post
operative mortality. 

RESULTS 

Effect of detoxification of LPS upon the bone marY'OW PFC response to 
Tl1lP-LPS 

Primary immunization of mice with 100 ~9 TNP-LPS caused a substan
tial anti-TNP PFC response in both spleen and BM. On day 6 the response 
in the BM was as high as in the spleen (Fig. 1). Detoxification of LPS 
by alkaline hydrolysis abolished the abi Jity of TNP-LPS to induce anti
body formation in the BM, whereas it had only a marginal effect on the 
PFC response in the spleen (Fig. 1). The kinetics of the anti-LPS PFC 
response in mice immunized with TNP-LPS was essentially the same as 
that of the anti-TNP PFC response, but the number of anti-LPS PFC was 
consistently lower (data not shov.m). The detoxified LPS used in these 
experiments induced only low numbers of lgM-secreting PFC in bulk cul-
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Figure 1. The anti-TNP PFC response in spleen (open columns) and BM (hatched columns) of 
(C57BL x CBA)Fl mice to 100 JJg TNP-LPS or TNP-conjugated detoxified LPS (TNP-dLPS). The 
number of anti-TNP PFC were enumerated 4 and 6 days after immunization. The PFC-assay 
was done on pooled spleen cells and pooled BM cells. Each group consisted of five mice. 
Wherever the number of PFC did not differ significantly from the background level of 
about 500 PFC per organ this is indicated. 

TABLE 

Effect of Conjugation of Lipid A to SRBC upon the Anti-SRBC PFC Response 
in Spleen and Bone Marrow 

lmmunizationa 

SRBC-IipidA 
conjugate 

PFC assay 
on day 

S RBC + I i pi d A 4 

SRBC 

SRBC-1 ipid A 
conjugate 

SRBC + I ipid A 6 

SRBC 

anti-SRBC PFC/organ 
sp 1 een bone marrow 

139,386b 6,837 
(122,413-158,712) (5, 742-8.140) 

76,413 761 
(65,897-88,608) (539-1 ,075) 

6, 302 < 500 (4,432-8,979) 

64,354 12,951 
(45, 113-91 ,803) (9,601-17,461) 

II, 152 <sao (9, 840-13 ,483) 

26,520 
< 500 

(16,495-42,637) 

a. C57BL/Ka-nu/nu mice were i .v. immunized with either 4 x 108 1 ipid A
conjUgated SRBC, 4 x 108 SRBC plus 10 ]J.g 1 ipid A or 4 x 108 SRBC only. 
The number of lgM- and lgG-producing anti-SRBC PFC were enumerated 4 
and 6 days later. The number of lgG-PFC above the number of lgM-PFC 
in the indirect plaque assay was not significant in any of the mice. 

b. Geometric mean. In parenthesis+ 1 SEM. n = 5. 
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Fig>~re 2. The number of anti-TNP PFC in spleen (left) and BM (right) after one injection 
of 1 (0,.), 10 (0,11) or 100 ('V,T) \.l9 DNP-Ficoll i.v. In neither group tested a sig
nificant number of lgG-PFC 1·1as found in the indirect plaque assay at any time after 
immunization. The PFC-assay was done on pooled spleen cells and pooled BM cells. Each 
group consisted of five mice. Wherever the number of PFC did not differ significantly 
from the background level of about 500 PFC per organ this is lr~dicated vJith ar~ arrow. 

tures of spleen eel ls over the entire dose range of detoxified LPS 
tested (lo-4 to 102 llg/ml). The native LPS, on the other hand, induced 
high numbers of lgM-secreting cells (data not shown). These data con
firm the original data of Anderson et al. (4). Because detoxification 
of LPS by alkaline treatment inactivates the 1 ipid A component (20), 
which is responsible for the mitogenic and adjuvant properties of LPS 
(4-6), 1 ipid A seems to be required for antibody formation to TNP-LPS 
in the BM. The immune response to SRBC, normally a TD antigen, becomes 
partly thymus independent after complexation of the erythrocytes with 
purified 1 ipid A. This is apparent from the occurrence of high numbers 
of PFC in the spleen of congenitally athymic nude mice after injection 
of 4 x 108 SRBC complexed with 1 ipid A (Table 1). Moreover, a low but 
significant anti-SRBC PFC response was found in the BM of these nude 
mice, in contrast to nude mice injected with 4 x 108 SRBC together with 
unbound 1 ipid A or with 4 x 108 SRBC only. Together, these results sup
port the view that the mitogenic signal of the 1 ipid A component is 
responsible for the antibody formation to TNP-LPS in the BM. 

PFC response to DNP-FicoU_, a-(1_. 6)dextran_, Piieumo::;occus pnev.rnoniae and 
TNP-EruceZZa abortus 

To investigate whether antibody formation in the BM after primary 
immunization with Tl antigens is a regular phenomenon, we assayed the 
PFC response in spleen and BM after primary immunization with DNP
Ficoll, a-(1 ,6)dextran, formalinized Pnev111ococcv,s pnev.mow[ae bacteria, 
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Figure 3. The PFC respo11se to a single i.v. ir~jection of 10 ]..lg of o.-(1,6)-dextran in 
CBA/J mice (upper part) and 109 pneumococci in BALB/c mice (lo1·1er part). The r~umbers of 
lgM-producing anti-dextran ar~d ar~ti-PC PFC ~1ere enumerated 4, 5 and 6 days after immu
nization in spleen (open columns) and BM {hatched columns). No significant number of 
PFC was found in the BM of a11y group of mice at any time after immunizatio11. E<:Jch 
column represents the geometric mean + 1 SEM of five mice. 
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Fiaure 4. The anti-TNP PFC respor~se 1n spleen (Q) and BM (8) of mice immunized with 
10B, 3.3 x 108, 109, 3.3 x 109 and 1010 TNP-conJugated py~ceZZa abortus organisms (TNP
BA) i .v. Each point represents the number of lgM-producing anti-TNP PFC of pooled spleen 
or BM cells from five mice at 4 days after immunization. Wherever the number of PFC is 
below the value of the abscissa this is indicated by an arro1~. 
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and TNP-conjugated Brucella abortus organisms (TNP-BA). 
Primary immunization with 1, 10, and 100 11g ONP-Ficoll i .v. evoked 

an anti-TNP PFC response in the spleen as well as in the BM (Fig. 2). 
Independent of the antigen dose, the PFC response peaked in the spleen 
between days 4 and 5 after immunization. The PFC response in the BM in
creased until a plateau was reached by day 5. At day 10 the number of 
PFC in the marrow equal led the PFC number in the spleen. The highest 
PFC response in the marrow was observed after immunization with 10 11g 
DNP-Ficoll. Immunization with doses of 0.1 and 100 11g led to a signifi
cant PFC response in the spleen only (data not shown). After immuniza
tion with optimal doses of a.-(1 ,6)dextran (Fig. 3, upper part), forma
linized pneumococci (Fig. 3, lower part) or TNP-BA (Fig. 4) PFC were 
found in the spleen only. 

Influence of HU on the PFC response to TNP-LPS and DNP-Ficoll in the 
bone marrow 

To investigate whether the PFC that appear in the BM during the 
primary response to TNP-LPS originate from a rapidly renewing B cell 
pool or from the pool of long-\ ived B eel Is, we treated mice with HU. 
Treatment of mice with HU inhibits the pre-Band B eel 1 activity result
ing in a minimal number of mitogen-reactive B cells in spleen and BM on 
day 6 after treatment (21). HU also diminishes the number of nucleated 
cells in spleen and bone marrow with minimal numbers at 2 days after 
the HU injection. By day 4, the total numbers of nucleated eel Is are 
back to normal (21). In Figure 5 (upper part) the effect is shown of 
the treatment of mice with HU 6 days before primary immunization with 
10 11g TNP-LPS. No significant influence of HU treatment was found on 
the PFC response in the spleen when assayed on days 4, 6, and 21 after 
primary immunization. However, the number of PFC in the BM of HU-treated 
mice varied between 9 and 16% of the number in the BM of the control 
mice. 

In contrast to the effect of HU treatment upon the response to 
TNP-LPS, no influence of HU treatment could be found on the response to 
DNP-Ficol 1, neither in the spleen nor in the BM (Fig. 5, lower part). 
These results show that the anti-TNP PFC that appear in the BM after 
primary immunization with TNP-LPS mainly originate from the rapidly pro-
1 iferating B eel l pool, whereas the anti-TNP PFC that appear in the BM 
after primary immunization with DNP-Ficoll mainly originate from slowly 
renewing, long-1 ived B cells. Because HU treatment does not affect the 
anti-TNP PFC response induced in the spleen by TNP-LPS and DNP-Ficol 1, 
these PFC probably originate from long-1 ived B cells. 

Effect of splenectomy upon the PFC response to TNP-LPS and DNP-Ficoll 
in the bone marrow 

The origin of PFC appearing in the BM after immunization with TNP
LPS and DNP-Ficoll was examined in splenectomized and sham-splenecto
mized mice immunized with either 10 11g TNP-LPS or 10 11g DNP-Ficoll i .v. 
The number of anti-TNP PFC was enumerated in spleen and BM 4, 6, 10, 
and 21 days after immunization. Splenectomy before immunization with 
10 ~g TNP-LPS had no influence on the number of anti-TNP PFC that 
appeared in the BM on all days tested (Fig. 6, upper part). In contrast, 
splenectomy before immunization with DNP-Ficoll significantly reduced 
the anti-TNP PFC response in the BM, especially during the early phase 
of the response (Fig. 6, lower part). 
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Figure£. Influence of HUon the PFC response to TNP-LPS (upper part) and DNP-Ficoll 
(lower part) in mouse spleen and BM. Mice were treated 1~ith two i .p. injections of HU 
or BSS (control) 6 days before immunization. lhe number of lgM-producing anti-TNP PFC 
in spleen (open columns) and BM (hatched columns) 1-1as enumerated 4, 6 and Zl days after 
immunization. Each column represents the geometric mean+ 1 SEM of 5 mice. The data 
presented in this figure represent one out of three similar experiments, all yielding 
essentially the same results. 

DISCUSSION 

After primary immunization of mice with TNP-LPS and DNP-Fico11, 
anti-TNP PFC appeared not only in the spleen, but also in the BM (Figs. 
1 and 2). However, the kinetics of the PFC responses to both antigens 
are basically different. After one injection of LPS or TNP-LPS the BM 
PFC response is already substantial by day 4 (Figs. 1 and 5, lower 
part) after immunization, whereas after injection of DNP-Ficoll no PFC 
response is found in the BM before day 5. Furthermore, the BM PFC 
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response ~o -:-:;P-_?5 eqr..;alled co surpassed the response in the spleen 
already c~ day 6, w~ereas the Bi~ PFC response to DNP-Ficcll does net 
surp2ss the level of the sp:enic respor,se and attains this level lau;r-, 
namely around day 10. We did not find antibody formation ;n the BM 
afte:- primary lmmuniza;:ion with optirna 1 doses c-" for111J.: ir. ze:: r_:·nevi1CJ
coccus one-;_.-~xnow:.'J.e bacter;a, HJP-Btl. and o.-(1 ,6)dextran (Figs. 3 and 4). 
Prevlou~sly, Baker et al. (22.) repoct:ed c:hat no Fi~C oesponsc cou:d be 
de:ected in the mouse Bh after primary immunizat!o~ with optimal doses 
of type Ill pneumococcal polvsacchcr1de (S! I!) 

The appearance of PFC 1~ the BM after prim3ry immun1~2t·~n with 
TNP-LPS is dependent on a rapid1v rener.\ring f3 ce!1 popu1.3ticrr, a·: ~~ 
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apparent from the effect of HU treatment before immunization (Fig. 5, 
upper part). Furthermore, splenectomy before primary immunization with 
TNP-LPS did not influence the BM PFC response (Fig. 6, upper part). 
This indicates that antibody formation to TNP-LPS in the BM is depend
ent on local activation of newly formed B eel ls. These activated B 
cells subsequently differentiate and proliferate (23) into PFC in 
situ. 

The local activation of the B eel ls by LPS within the BM is depend
ent on the mitogenic signal provided by the 1 ipid A component of LPS 
(Fig. 1). This view is also suggested by experiments in which the TD 
antigen SRBC was artificially complexed with J ipid A. This complex, in 
contrast to native SRBC, behaves as a Tl antigen, and induces specific 
antibody formation within the BM during the primary response (Table 1). 
The in situ induction of antibody formation in the BM is compatible with 
our recent observation that B eel ls in the BM are fully immunocompetent 
in vitro (24). 

HU treatment of mice before immunization with DNP-Ficoll has no 
influence on the PFC response in the BM (Fig. 5, lower part). This in
dicates that the precursors of these anti-TNP PFC belong to the slowly 
renewing, long-lived B cell subpopulation. These long-lived B cells are 
most 1 ikely activated in the peripheral lymphoid organs and then emi
grate toward the BM, as can be concluded from the reduced anti-TNP 
response in the BM of mice splenectomized before immunization. Thus, 
antibody formation to DNP-Ficoll in the BM is based upon a similar 
mechanism as BM antibody formation to TD antigens (3). In the latter 
case, the occurrence of antigen-specific B memory cells are a prerequi
site for antibody formation in the BM, so that only booster immunization 
leads to substantial antibody formation in this organ. Possibly, BM 
antibody formation to DNP-Ficoll is similarly dependent on B memory 
cells. These B memory eel ls could well be generated during the early 
phase of the primary response, and be reactivated some days later, due 
to the persistence of DNP-Ficoll (25). A similar phenomenon has been 
observed after immunization with TD antigens emulsified in complete 
Freund 1 s adjuvant, where a significant BM PFC response occurs after a 
single injection of the antigen (12). 

The residual BM PFC response in the splenectomized mice immunized 
with DNP-Ficoll is probably dLle to emigration toward the BM of B cells 
activated by the antigen within the peripheral lymph nodes. However, it 
cannot be excluded that some long-1 ived or short-1 ived B eel ls are acti
vated by DNP-Ficol l within the BM itself, so that a local PFC response 
emerges. 

The difference in capacity of the various Tl antigens tested to 
induce a PFC response in the BM does not correlate with the subdivision 
of Tl antigens into two classes {TI-l and Tl-2) according to the 
response they induce in CBA/N mice. These mice are unable to raise an 
immune response to T!-2 antigens such as DNP-Ficoll, levan, dextran, 
Sill, and polyinosinic-polycytidil ic acid (26-29). In contrast, CBA/N 
spleen cells do respond to TNP-LPS in vitro and TNP-BA in vivo (11 ,30). 
It is thought that Tl-2 antigens stimulate the more mature B eel ls that 
express lgD, C receptor, Lyb-3 and Lyb-5 surface antigens (31-34), which 
predominantly occur in the spleen. Tl-1 antigens such as TNP-LPS and 
TNP-BA should stimulate, besides the more mature B eel ls, a population 
of Jess mature B eel Js that are also present in the BM. Our data show 
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that TNP-LPS, which is mitogenic, does induce antibody formation in the 
BM, whereas the non-mitogenic (11) TI-l antigen TNP-BA, does not. Thus, 
it is not 1 ikely that the differential capacity of Tl antigens to in
duce antibody formation in BM is also based upon a different capacity 
to activate the less mature BM B cells. Furthermore, immunization with 
DNP-Ficoll, a nonmitogenic (35,36) Tl-2 antigen, also leads to antibody 
formation in the BM. However, because different B eel 1 subsets are in
volved in the marrow PFC response to TNP-LPS (TI-l) and DNP-Ficoll (TI-2) 
our results do not contradict the conventional classification of Tl 
antigens into Tl-1 and TJ-2. Merely the fact that TNP-BA does not in
duce antibody formation in the bone marrow whereas TNP-LPS does, fur
ther subdivides the group of TI-l antigens. Moreover the data presen-
ted argue for the further subdivision of the group of Tl-2 antigens, 
because, of this group of Tl antigens only DNP-Ficoll is able to induce 
a PFC response in the marrow. 

In conclusion, different Tl antigens differ in their capacity to 
induce antibody formation in the mouse BM. Two antigens were found to 
induce substantial antibody formation in the BM by primary immunization: 
LPS and its (mitogenic) derivatives, and DNP-Ficoll. The responses to 
these antigens follow different kinetics and are based upon different 
mechanisms. 
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ANTIBODY FORMATION Ill MOUSE BONE MARROW DURING SECONDARY TYPE RESPONSES 

TO THYMUS-INDEPENDENT ANTIGENS 

G. Koch~ B.D. Lok and R. Benner 

Dept. of Cell Biology and Genetics~ Erasmus University, Rotterdam, 
The Netherlands 

SUMMARY 

The data presented in this paper shows that different thymus-inde
pendent (TI) antigens have a differential capacity of inducing antibody 
formation in mouse bone marrow, both after primary and secondary intra
venous immunization. Primary immunization with certain Tl antigens 
(e.g., lipopolysaccharide (LPS), TNP-LPS, DNP-Ficoll) induces the ap
pearance of antibody-forming eel ls not only in the spleen, but also in 
the bone marrow. A single injection of certain other Tl antigens (e.g., 
pneumococci (Pn), TNP-conjugated detoxified LPS (TNP-dLPS), TNP-con
jugated Brucella abortus bacteria (TNP-BA)), on the other hand, induces 
antibody formation in the spleen only. After secondary immunization 
with these Tl antigens only TNP-BA induces a PFC response in the bone 
marrow. Pn, TNP-dLPS and TNP-BA, but also DNP-Ficoll, are unable to 
induce bone marrow antibody formation after secondary injection of the 
antigen, in spite of the clear-cut secondary type character of the 
splenic response. Thus, the absence of a bone marrow PFC response after 
secondary immunization with these antigens is not due to a failure to 
induce memory B cells. This data implies that either two subpopulations 
of memory B eel ls exist, one giving rise to antibody formation in the 
spleen and the other accounting for the bone marrow response, or that 
antibody can selectively inhibit the secondary bone marrow antibody 
response to certain TJ antigens. 

INTRODUCTION 

Thymus-dependent (TD) antigens evoke substantial bone marrow (BM) 
antibody formation only after multiple immunization (1). This is because 
antigen specific memory B cells, induced during the primary immune 
response, are indispensable (2). The memory B eel Is are activated by the 
antigen of the booster immunization in the peripheral lymphoid organs, 
and subsequently emigrate toward the BM {2,3). In contrast to TO anti
gens, some thymus-independent (TJ) antigens induce antibody formation 
in the BM already dUring the primary response. Of a whole variety of 
Tl antigens tested, TNP-LPS, LPS and DNP-Ficoll induce antibody forma
tion not only in the peripheral lymphoid organs, but also in the BM (4), 
while Pnev~ococcus pneumoniae bacteria (Pn), TNP-conjugated Brucella 
abortus bacteria (TNP-BA), a.-(1,6)dextran (4) and pneumococcal type 
Ill polysaccharide (S Ill) (5) do not. 

The first week of the secondary response to TO antigens is charac
terized by much higher numbers of antibody-producing plaque-forming 
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cells (PFC) in the spleen and/or the lymph nodes than in the BM. !n 
contrast, after the first week the PFC response in the BM is several 
times higher than in all other lymphoid organs together (6). After 
primary immunization with the Tl antigen DNP-Ficol 1, the marrow PFC 
response is feeble, but the kinetics and mechanism of this PFC response 
are essentially the same as in case of TD antigens (4). The kinetics 
of the primary response to TNP-LPS, however, is different in that sub
stantial numbers of PFC appear in the BM already at day 3. Furthermore, 
the marrow PFC response to TNP-LPS equals or surpasses the response in 
the spleen already on day 6 (4,7). 

Since memory B eel ls play a pivotal role in BM antibody formation 
to TD antigens, the question arises as to whether T! antigens, which do 
not induce antibody formation in the marrow after primary immunization, 
do so after multiple injection of the same antigen. The experiments 
reported in this paper were designed to answer this question as well as 
to get insight into the role of memory B cells in secondary antibody 
formation to Tl antigens in the BM. 

MATERIALS AND METHODS 

Mice. Female (C57BL/Rij x CBA/Rij)Fl hybrid mice and BALB/c mice, 14-
20 weeks of age, were used. They were purchased from the Laboratory 
Animals Centre of the Erasmus University, Rotterdam, The Netherlands. 

Antigen and immunization. Sheep erythrocytes (SRBC) from a single 
donor were used. They were obtained from the Central Veterinary Insti
tute, Schiedam, The Netherlands. Heat killed Brucella abortus bacteria 
(BA) were kindly donated by Dr. P.O. van der Heyden from the same 
Institute. BA was conjugated with 2,4,6-trinitrophenylsulfonic acid 
(TNBS) as described by Mond et al. (8). Lipopolysaccharide (LPS) from 
Escherichia coli 055:85 (Difco Laboratories, Detroit, Michigan, USA), 
prepared according to the phenol extraction method, was conjugated with 
TNBS as described previously (4). LPS was detoxified by alkaline hydro
lysis according to Neter et al. (9). Ficoll with a molecular weight of 
400,000 daltons was purchased from Pharmacia (Uppsala, Sweden). It was 
derivatized to N-(2-aminoethyl)carbamylmethylated Fico\ I (AECM-Ficol 1) 
and conjugated with dinitrobenzenesulfonic acid as described previously 
(4). The Pneumoccoccus pnev~oniae bacterium (Pn) strain, R36A, was ob
tained from Dr. C. Berek of the Basel Institute for Immunology (Swit
zerland) and grown in Todd-Hewitt medium. Growth was terminated by 
heat-killing for 1 hr at 100°C. The bacteria were washed in saline and 
resuspended in saline containing 0.4% formalin. The formalinized Pn 
were washed three times immediately before immunization. 

The mice were primed with either 10 119 TNP-LPS, 10 11g DNP-Ficoll, 
109 TNP-BA, or 109 Pn bacteria. For secondary immunization the mice 
were boosted with the indicated antigen 2 months after priming. All 
immunizations were done by intravenous (iv) injection in a tail vein. 

Preparation of cell suspensions. 
raJ BM were prepared in balanced 
viously (10). 
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Cel 1 suspensions of spleen and feme
salt solution (BSS) as described pre-



Adoptive cell tnmsfer. Recipient mice received 7.5 Gy 'vhole body X
irradiation (3), and were iv injected with the appropriated eel 1 sus
pension within 4 hours after irradiation. 

Assay for PFC. Cell suspensions were assayed for lgM- and lgG-PFC as 
described previously (10). Anti-TNP PFC responses were assayed with 
SRBC conjugated with TNBS (11) as targets. For the determination of 
anti-LPS PFC the target SRBC were coupled with LPS as described pre
viously (7). To determine phosphorylchol ine(PC)-specific PFC, para
diazonium-phenylphosphorylchol ine, kindly provided by Dr. C. Heusser 
of the Basel Institute for Immunology, was coupled to SRBC as described 
by Claflin et al. (12). 

RESULTS 

Capacity of TNP-LPS, DNP-FicoLl, Pn, and TiYP-BA to induce bone marY'OW 
antibody foY'mation after secondary immunization 

To investigate the capacity of several Tl antigens to induce anti
body formation in mouse BM, we studied the kinetics of the PFC response 
in spleen and BM of mice primed and boosted \,\lith optimal doses of TNP-

ANTI- TNP ANTI- TNP 
lgM- lgM-

PFC/orgon PFCjorgan 

106 
(10) 

106 
(lb) 

105 

104 

-~ 
0 10 

days after injection of TNP-LPS days after injection of TNP- dlPS 

Figure 1. Primary and secondary anti-TNP PFC response in mouse spleen and bone marro1~ to 
TNP-LPS and TNP-dLPS. Mice injected with BSS (O,II!l) and mice primed by injection of 10 )19 
TNP-LPS (0,8) were immunized hlo months later 1vith either 100 )lg TNP-LPS iv (Fig. 1a) 
or 100 119 TNP-dLPS iv (Fig. 1b). The lgM- and lgG-PFC ~~ere enumerated in spleen (0.0) 
and bone marrov1 (8,11) at various intervals after secondary injection. A significant nun
ber of lgG-PFC ~las found in the spleen on day 6 (81 ,000 PFC) and day 10 (72,000 PFC) after 
secondary injection of TNP-LPS and at day 6 (33,000 PFC) and day 10 (1Z,OOO) PFC after 
secondary injection of TNP-dLPS. Wherever the number of PFC is belm·1 the level of the 
abscissa this is indicated by an arro1~. Vertical bars represent 1 SEM (11"' 5). 
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TABLE 

Primary and Secondary PFC Response to DNP-Ficoll in the Spleen and the 
Bone Marrow 

Anti-TNP lgM-PFC (x10 3)/organa 
PFC assay s 1 een bone marro1r1 

on day primary secondary primary secondary 

0 6.3b 15.2 
(5.6-7.2) (13.1-17.8) 

4 306.7 266.4 7.2 35.1 
(264. 9-355. 2) (225. 7-319.1) (6. o-8.6) (29.8-41 .3) 

6 154.0 75.5 16.2 28.1 
(135.2-175.5) (62. 3-91. 6) (13.0-18.2) (23. 7-33 .3) 

I 0 19.5 23.1 14.8 16.0 
(17 .4-22. 0) (19.5-27.4) (12.9-17.0) (13.2-19.4) 

21 13.2 18.4 23.8 38.5 
(12.2-14.4) (14.9-22.8) (20. 7-27. 4) (31.4-47.2) 

a. Mice injected with BSS and mice primed by an iv injection of 10 ~g 
DNP-Ficoll were immunized with 10 ~9 DNP-Ficoll iv 2 months after 
the primary injection. The number of lgM- and lgG-PFC were enumerat
ed 0, 4, 6, 10 and 21 days after the last injection of DNP-Ficoll. 
After secondary immunization with DNP-Ficoll significant numbers of 
lgG-PFC were found in the spleen on day 10 (10,400 PFC) and day 21 
(16,900 PFC). 

b. Geometric mean. In parenthesis+ 1 SEM (n = S). 

LPS, DNP-Ficoll, Pn and TNP-BA. 
In mice primed ;vith 10 11g TNP-LPS and boosted with 100 11g TNP-LPS 

2 months later, high numbers of anti-TNP lgM-PFC appeared in the spleen 
as well as the BM. The secondary PFC response in both organs was higher 
than the primary response, but the kinetics was essentially the same 
(Fig. 1a). Significant numbers of lgG-PFC were found on days 6 and 10 
after secondary immunization only. The kinetics of the anti-LPS PFC 
response in these mice was essentially the same as that of the anti-TNP 
PFC response, but the numbers of anti-LPS PFC were consistently lower 
(data not shown). 

From previous studies we know that the primary BM PFC response to 
TNP-LPS is dependent on the mitogenic activity of the LPS carrier (4). 
This mitogenic activity resides in the 1 ipid A component of LPS, and 
can be destroyed by alkaline hydrolysis (9, 13). The question ar'1ses as 
to whether the secondary BM PFC response is similarly dependent on the 
mitogenicity of LPS. Therefore, we assayed the PFC response in spleen 
and bone marrow of mice primed with 10 11g TNP-LPS and boosted with 100 
11g TNP-dLPS. Both after primary and secondary immunization with TNP
dLPS substantial numbers of anti-TNP PFC were found in the spleen only 
(Fig. I b). 

After secondary immunization with DNP-Ficoll, the anti-TNP lgM-PFC 
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ANTI-TNP 
lgM

PFC/orgon 

days after injection 

ANTI- TNP 
!gG

PFC/organ 

(2a) 
10

s (2b) 

days after injection 

Fi;p-<.re 2. Primary and secondary anti-TNP PFC response to TNP-BA in mouse spleen and bone 
marrO\~. Mice injected with BSS (0,11111) and mice pr"1med ~~-1th 109 TNP-BA iv (0.8) ~~ere 
boosted by iv injection of 109 TNP-BA 2 months later. The number of anti-TNP lgM-PFC 
(Fig. 2a) and lgG-PFC {Fig. 2b) were enumerated in spleen (Q,Ol and bone marrov1 {8,11111) 
at various intervals after injection of TNP-BA. The persistent primary response was 
determ"1ned in mice which were primed with TNP-BA and assayed for anti-TNP PFC on the day 
of secondary immunization. Where an asterix is added to an experimental point, the number 
of lgG-PFC above the number of lgM-PFC in the indirect plaque assay 1~as not significant. 
Wherever the number of PFC is belov1 the level of the abscissa this is indicated by an 
arrow. Vertical bars represent 1 SEM (n = 5). 

response in the spleen was considerably lower than after primary immu
nization (Table 1). However, during the secondary response low but sig
nificant number_s of lgG-PFC appeared in the spleen on day 10 and 21 
after the booster injection (see footnote Table I). The number of PFC 
occurring in the BM after secondary immunization with DNP-Ficoll was 
hardly higher than after primary immunization (Table I). The increase 
that did occur may in fact be attributed to the PFC response induced by 
the primary immunization. This response persisted in the BM until the 
day of booster immunization (day 0 value in Table I). 

The secondary PFC response to TNP-BA was characterized by an in
creased number of anti-TNP lgG-PFC in the spleen and by the occurrence 
of lgM-and lgG-PFC in the BM (Fig. 2). 

9 In mice primed and boosted with 10 Pn, the anti-PC lgM-PFC re
sponse was much higher than in mice immunized with Pn once. Low, but 
significant, numbers of anti-PC PFC were found in the bone marrow on 
day 4 after secondary immunization only (Fig. 3). 

The capacity of TlVP-LPS~ DNP-Fico"ll and TNP-BA to induce hapten-specific 
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TABLE II 

"" l~flu,nce of Priming l"lith TNP-LPS, DNP-Fico11 and TNP-BA upon the Anti-TNP m Response co DNP-KLH 

Anti-TNP lgM-PFC (x10- 3 )/organa 
m assay ,, ooy s leen Bone marrm·.' 

Pr imi nq: none TNP-LPS ONP-Ficoll TNP-BA none TNP-LPS DNP-Ficoll TNP-BA 

2. 4b < s.o <O 19.7 11.0 < 0.5 
(2.2-2.8} (4. 6-5. 3) (18. 7-20 7) ( 10. 1-11. 9) 

62.8 46.4 217.1 16.5 <o 8. y 8.8 Y.O 
(55.5-71 .2) (43.6-49 J) (186.2-253.3) ( 15.5-17 .6) (6 4-10 2) (7. 9-9 71 (0 5·Y .91 

6. 5 9. y 38. 1 5.' <O 10.7 8.2 1.4 
16 2-6 8) (8. 1-10 4) (35.2-41.2) (4 7·5 7) (8. 7-13 2) 17 0·3 7) (Y. Y·Y .8) 

YO 
L6 ).) s. 2 L5 <O 18.0 8.4 Y.9 

(Y .4-1 . 8) (J 2·3 5) (4. 9·5 5) (Y .4-1 .71 (1 2.2-26 4) {8 9-1 0.2) {Y . 7-2 2) 

" 
Y.O u ]. 8 Y.5 <O 11 .2 8. y 5.6 

(Y .2-1 .6) (2. 3-3. 0) (3.5-4.0) {Y . 4-1 .6) (7. 7-16 2) (7. 3-~"J.O) (3.8-8.1) 

a. Mice were primed by an Tv injection of either 10 ].19 TNP-LPS, 10 ].19 DNP-Fico11, or 109 TNP-6A. Two n1onths 
later all mice, except the mice of the first line, were boosted by an iv injection or 100 ].lg ONP-KLH. The 
numbers of lgM- and lgG-PFC were determined at 0, 4, 6, 10 and 19 days after the boostEr injection. Signi
ficant numbers of lgG-PFC were only found in the spleen of unprirned mice at day 6 (21 ,000 PFC) and 10 
(8,000 PFC}, in the spleen of mice primed with TNP-LPS at day 6 (5,700 PFC), in the spleen of mice prirred 
with DNP-Ficoll at day 10 (5,000 PFC), in the spleen of mice primed loJith TNP-6A at day 6 (9,100 PFC), and 
in the bone marrov1 of these latte; mice at day 6 {11,000 PFC), 10 (6,600 PFC), and 19 (5,400 PFC) afte; the 
booster injection of DNP-KLii. 

b. Geometric mean. In parentheses _:1: 1 SEM (n ~ 5). 

ANT!- PC 
lgM

PFC/organ 

5 II 10 111 
days otter injection 

Fitr,;.re 3. Primary and secondary anti-PC PFC response to Pn. Mice injected with BSS 
(0,111) and mice primed with 1Q;i Pn (0,8) \-.Jere boosted "11th 109 Pn iv 2 months later. 
The number of anti-TNP fgM- and lgG-PFC were enumerated in spleen (0,01 and bone mar
row (8.111!1) at various intervals after injection of Pn. The number of lgG-PFC above the 
number of lgM-PFC in the indirect plaque assay was not significant at any day tested. 
The persistent primary PFC response {day 0 value} was determined on the day of secondary 
immunization: Wherever the number of PFC is below the level of the abscissa this is indi
cated by an arrow. Vertical bars represent 1 SEM {n"' 5}. 
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memory B ce Us 
The BM PFC response to TO antigens is strictly dependent upon the 

presence of memory B eel ls at the moment of the booster immunization 
(2). The differential capacity of Tl antigens (e.g., TNP-LPS, DNP-Ficol 1 
and TNP-BA) to induce secondary BM antibody formation might be caused 
by their inability to induce memory B cells after primary immunization, 
or to {re)activate these cells after secondary immunization. To circum
vent the latter possibility, mice primed with a Tl antigen were boosted 
with DNP-KLH, an antigen that is known to be able to (re)activate DNP
and TNP-specific memory B cells. Thus, mice primed with either TNP-LPS, 
DNP-Ficoll, or TNP-BA, were boosted with DNP-KLH two months later, and 
the PFC were determined in spleen and bone marrow at various intervals 
after the secondary immunization. The data obtained (Table I I) show that 
only priming with DNP-Ficoll can substantially increase the splenic 
anti-TNP lgM-PFC response. A significant anti-TNP lgG-PFC response in 
the bone marrow only occurred in mice primed with TNP-BA and boosted 
with DNP-KLH (see footnote Table I 1). 

Since in intact mice several regulating factors operate, which 
might be absent in irradiated mice, we tested similarly primed mice for 
the presence of memory B cells in an adoptive transfer system. ThusA 
mice were primed with either 10 ~g TNP-LPS, 10 ~g DNP-Ficol 1, or 10~ 
TNP-BA. Two months later 108 nucleated spleen eel ls of primed or non
primed mice were transferred together with 100 ~g DNP-KLH into irra
diated syngeneic recipients. The number of lgM- and lgG-PFC was assayed 
in the spleen at day 7 after eel 1 transfer. Mice which received non
immune spleen cells showed a substantial lgM- and lgG-PFC response. 

TABLE I I I 

Adoptive PFC Response to DNP-KLH by Spleen Cells from Non-Immune Mice 
and Mice Primed with TNP-LPS, DNP-Ficoll or TNP-BA 

Anti-TNP PFC (x1o-3)/Sp1een a 

Pr imin M-PFC I G-PFC 

37b 121 none (33-41) (110-133) 

TNP-LPS 136 149 
( 115-161) (126-178) 

DNP-Ficoll 295 335 
(258-338) (262-428) 

TNP-BA 64 207 
(59-69) (188-226) 

a. Mice were primed with either 10 ~g TNP-LPS, 10 ~g DNP-Ficoll, or 109 

TNP-BA iv. Spleen eel ls (108) of these mice were transferred together 
with 100 ~g DNP-KLH into irradiated syngeneic mice two months later. 
The number of anti-TNP lgM- and lgG-PFC were enumerated 7 days after 
cell transfer. 

b. Geometric mean. In parenthesis~ 1 SEM (n = 5). 
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Immunization of the donor mice with TNP-LPS, DNP-Ficoll, or TNP-BA s:g
nificantly increased the adoptive lgM-PFC response in the recip:ents' 
spleen. Likewise, spleen eel ls from mice primed with DNP-Ficoll and 
TNP-BA gave rise to more lgG-PFC than unprimed spleen cells (Table Iii). 
Thus TNP-LPS, DNP-Ficoll, and TNP-BA do induce memory 8 eel is. 

The capacity of TNP-LPS and DNP-Ficol-7.- to activate me-;;1ory E ccZZ-s 
As stated in the previous section, a possible explanation for the 

failure of certain Tl antigens to induce BM antibody formation after 
secondary immunization might be an :nabi 1 ity of these T: an':.1gens tc 
activate memory B cells. Therefore, "'1e induced DNP-specific memory B 
cells by priming with DNP-KLH, and investigated the capacity of TNP-LPS 
and DNP-Ficol 1 to (re)activate the memory B eel ls induced by this 
antigen. After primary immunization with 10 ~g TNP-LPS high numbers of 
lgM-PFC, but no significant numbers of lgG-PFC we:-e found in spleen a'ld 
BM. Induction of DNP-specific memory B eel ls by pre-immunization with 
DNP-KLH reduced the anti-TNP-LPS lgM-PFC response in both spleen and 
BM, but facilitated, on the other hand, the appearance of anti-TNP 
lgG-PFC in both organs (Table IV, upper part). Essencially the same 
effect of preimmunization with DNP-KLH was founC in the response to 
DNP-Ficoll (Table IV, lower part). These results sho'.'J that TNP-LPS and 
DNP-Ficol l can activate DNP-specific 8 memory eel ls committed to 
lgG-synthesis. 

DISCUSSION 

The results of the experiments presented in this paper, show that 
Tl antigens have a differential ability to induce crtlbody fo'"mation in 
the BM. This was found for the primary as well as the secondary response 

Both after primary and secondary immunization TNP-LPS induced a ~FC 
response in the spleen and the bone marrmv. These responses are completE-~ 

ly dependent on the mitogenic signal of LPS. This is apparent from the 

c. Gt' ,.,•:cic """. lo c:.c~r.ll "'"' !_ I SEr; ( • • 51 

·-JL Lhe """kr / I;<G·PF~ ""Qvo Lho nu1,bcr or I;H·PFC in:-"· ;,J;rc·o· ploqu' o 

1)4 

'''"";r 

"Ne--LPS or I[, ~~ 
-"-LP~ 

nv·Lho ].;• 



observation that primary or secondary immunization with TNP-dLPS does 
~oc lead to substant;a] TNP-specific antibody formation in the bone 
mcrrow, wnereas a lower secondary type splenic response is found with 
similar kinetics as compared to the primary response (Fig. 1b). 

In mice primed with TNP-LPS and boosted with either TNP-LPS or 
TNP-dLPS a significant lgG-PFC response was found in the spleen. This 
might be due to the generation of only a small number of memory B eel ls 
committed to JgG synthesis after immunization with TNP-LPS. This v'1ew 
would be supported by the observation that unprimed and TNP-LPS-primed 
donor spleen cells give rise to an equally high adoptive lgG antibody 
response to DNP-KLH (Table I I I). Previous results of others also indi
cate that spleen cells from mice primed with TNP-LPS do not produce 
secondary type adoptive lgG memory responses to DNP-KLH (14). 

Primary immunization with TNP-BA induces neither an lgM- nor an 
lgG-PFC response in the bone marrow, but does so in the spleen. After 
secondary immunization, however, both lgM- and lgG-PFC appear in the 
bone marrow (Fig. 2). Although the bone marrow response is feeble, par
ticularly the tgG-PFC response has the same kinetics as the secondary 
type responses to TD antigens. 

In the case of DNP-Ficol 1 the secondary PFC response in the spleen 
and the bone marrow is as high as the primary response (Table I). This 
is not due to the failure of DNP-Ficol 1 to induce memory B eel ls. This 
is apparent from the observation that pre-immunization with DNP-Ficol l 
enhances the lgM- and lgG-PFC response to DNP-KLH (Table Ill). Further
more, the adoptive lgM- and lgG-PFC response to DNP-KLH after transfer 
of DNP-Ficol ]-primed donor spleen cells is enhanced as compared to the 
adoptive response by unprimed spleen cells (Table Ill). 

No marrow PFC response is found after primary and secondary immuni
zation with pneumococci (Pn). The secondary lgM-PFC response in the 
spleen, however, is greatly enhanced (Fig. 3). This indicates that lgM
memory B cells are formed during the primary response to Pn. 

The failure of certain Tl antigens (e.g., TNP-dLPS, DNP-Ficoll, 
Pn) to induce substantial secondary BM antibody formation is not due to 
their inability to (re)activate memory B cells. This can be concluded 
from our observation that the !gG memory B eel ls induced during the 
primary response to the TO antigen DNP-KLH can be (re)activated by TNP
LPS and DNP-Ficol J. The activation of these memory B cells leads to 
lgG-responses in both the spleen and the bone marrow (Table IV). Further
more, the enhanced lgM-PFC responses found in the spleen after secondary 
·Immunization w'1th TNP-LPS and Pn, is indicative for both the induction 
and activation of memory B eel ls committed to lgM synthesis (Figs. 1 
and 3). The conclusion, that Tl antigens are able to activate memory B 
eel Js, has also been reached by others (15-21). 

Pre-immunization with either TNP-LPS or TNP-BA suppresses the PFC 
response to DNP-KLH (Table I 1). Similarly, the lgM-PFC response to 
TNP-LPS and DNP-Ficoll is suppressed by pre-immunization with DNP-KLH. 
These findings can be better explained by humoral factors present in 
the serum of these mice than by suppressor T cells, because we could 
not demonstrate such suppressive effects of pre-immunization in adoptive 
transfer experiments (Table Ill). Suppression of the secondary type 
response to Tl antigens has also been reported by others (21-23). ·The 
humoral factors are probably anti-hapten antibodies (21 ,22), although 
suppressive anti-id.lotypic antibodies induced by DNP-Ficoll have been 
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described as well (23). Such regulating factors may render interpre
tation of the secondary responses to Tl antigens more difficult, and 
might account for the differential capacity of Tl antigens to evoke 
antibody formation in the bone marrow after secondary immunization, as 
mentioned above. 

Alternatively, there might be a heterogeneity among memory B eel ls 
of the same specificity induced by different antigens. This posslbi lity 
is suggested by experiments which show that B lymphocytes of a certain 
specificity activated by Tl antigens are qualitatively different from 
those activated by TO antigens (24-29). In accordance with these data 
two distinct lgG memory B eel 1 populations have been described: B2 cells 
responsive to TO antigens and Tl 1 antigens (e.g., TNP-LPS, TNP-BA) and 
Bl cells responsive to Tl 2 antigens (e.g., DNP-Ficoll, Pn) (30). The 
experiments reported in this paper might support this distinction and, 
furthermore, would suggest that both subpopulations differ in migratory 
behaviour, at least with respect to their entrance of the BM. 
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THE PROLIFERATIVE ACTIVITY OF ANTIBODY FORMING CELLS Ill THE MOUSE BONE 

MARROW 

G. Koch~ B.D. Lok and R. Benner 

Dept. of Cell Biology and Genetics~ Erasmus University~ Rotterdam~ 
The Netherlands 

SUMMARY 

The proliferative activity of antibody-forming eel ls was studied 
in the bone marrow of mice immunized with either sheep erythrocytes 
(SRBC), TNP-LPS or DNP-Ficoll. Peak proliferative activity was found 
during the first few days of the response. Elimination of the pro-
1 iferating cells in this period caused a profound and long-lasting 
suppression of the antibody formation in the marrow. 

INTRODUCTION 

After secondary, but not after primary, immunization with T-depend
ent (TD) antigens antibody-producing plaque-forming eel ls (PFC) appear 
fn the bone marrow. The occurrence of these PFC in the bone marrow is 
strictly dependent on the availability of B memory eel ls. The B memory 
cells are activated in the peripheral lymphoid organs by the booster 
immunization and then emigrate via the blood stream toward the bone 
marrow (1). !n contrast to TD antigens, primary immunization with cer
tain T-independent (TI) antigens (TNP-LPS, DNP-Ficoll) does lead to 
antibody-formation in the marrow. 

Antibody formation to TNP-LPS is dependent on the local activation 
of newly formed 8 eel Is by the mitogenic moiety of LPS. These activated 
8 cells then differentiate "1nto PFC in situ (2). The precursors of PFC 
which appear in the bone marrovJ after primary immunization with DNP
Ficoll, on the other hand, mainly belong to a slowly renewing, long-
] ived B eel 1 population. These B eel ls most 1 ikely are activated in the 
peripheral lymphoid organs and then emigrate toward the bone marrow (2). 

So far it is unclear whether the appearance of PFC in the bone 
marrow after immunization with TO antigens and DNP-Ficoll merely repre
sents the immigration of end-stage cells which do no longer proliferate, 
or that these cells can still proliferate in situ. Similarly it is un
clear whether bone marrow antibody formation induced by TNP-LPS is asso
ciated with a local clonal expansion of the activated B eel ls. To inves
tigate the proliferative activities of the bone marrow antibody-forming 
eel ls and their precursors we investigated the effect of elimination of 
the proliferating cells upon the marrow PFC response. This was done by 
means of injection of hydroxyurea (HU), a drug that kills eel ls which 
are in the S-phase of the eel 1 cycle. 

MATERIALS AIID METHODS 

lvJice. Female (C57BL/Rij x CBA/Rij)Fl mice, 14-20 1,1eeks of age, were 
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used. They were purchased from the Laboratory Animals Centre of the 
Erasmus University, Rotterdam, The Netherlands. 

Antigen and immunization. SRBC from a single donor were used. They 
were obtained from the Central Veterinary Institute, Schiedam, The 
Netherlands. Lipooolysaccharide (LPS) from E. coli 055:85 (Difco Labora
tories, Detroit Ml, USA), prepared according to the phenol extraction 
method, was conjugated with 2,4,6 trinitrobenzenesulfonic acid (TNBS) 
as described previously (2). Fico!\ with a molecular weight of 400,000 
daltons was obtained from Pharmacia (Uppsala, Sweden). It was derived 
to N-(2-amino-ethyl)carbamylmethylated Ficoll (AECM-Ficol 1) and conju
gated with dinitrobenzenesulfonic acid as described by Eisen (3). 
Secondary responses to SRBC were induced by primary immunization with 
107 SRBC and secondary immunization with 2 x 106 SRBC. Primary re
sponses to TNP-LPS and DNP-Ficol 1 were induced by injection of 10 ~g of 
the antigen. All immunizations were done by iv injection in a tai 1 
vein. 

Preparation of cell suspensions. 
ral bone marrow were prepared in 
previously (4). 

Cel 1 suspensions of spleen and femo
a balanced salt solution as described 

Assay fa~ PFC. Cell suspensions were assayed for lgM- and lgG-PFC as 
described previously (5). Anti-TNP PFC responses were assayed with 
SRBC conjugated with TNBS (6) as targets. 

Hydroxyurea treatment. Mice were exposed to hydroxyurea (HU) according 
to the schedule devised by Hodgson et al. (7). Mice were given two 
intraperitoneal injections of the drug at a dose of 1g/kg body weight. 
The second injection was given 7 hr after the first. 

Splenectomy. Splenectomy (Sx) and sham-splenectomy (ShSx) were done 
under Avert in anaesthesia as described previously (2,4). 

RESULTS 

The bone marrow PFC response to an iv booster injection of 2 x 106 

SRBC is dependent on the immigration of spleen-derived SRBC-activated B 
memory cells and/or their progeny (1 ,8). This immigration takes place 
during the first 4 days after the booster injection (8). Thus, splenec
tomy on day 4 no longer influences the marrow PFC response (c. f. Fig. 
1). To investigate whether the immigrant B cells still proliferate 
within the (bone) marrow we treated such immunized, splenectomized mice 
with HUon different days after the booster injection and enumerated 
the number of anti-SRBC PFC at 14 days after the booster injection. 
Treatment with HU on day 4 and 5 reduced the number of a PFC in the 
marrow to 10-20% of the number found in non-treated control mice. Beyond 
day 6 HU treatment did not have a significant effect upon the bone mar
row PFC response. Essentially the same results were found fn similar 
experiments involving anti-SRBC PFC enumeration on day 10 and day 28 
after the booster injection (data not shown). 

In a comparable experimental setup it was investigated whether 
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Figure 1. Influence of hydroxyurea treatment upon the secondary PFC response to SRBC in 
mouse bone marro1~. Open columns represent the geometric mean of the lgM-PFC response, 
hatched columns of the lgG-PFC response. Bars represent 1 SEM. PFC were determined 14 
days after the booster injection of 2 x 106 SRBC iv (n"' S). 

bone marrow antibody formation induced by primary immunization with TNP
LPS and DNP-Ficoll is also associated with proliferation of the relevant 
B 1 ineage eel ls within the bone marrow. In these experiments however, 
the mice were not splenectomized. Thus, mice immunized with 10 ~g TNP
LPS or DNP-Ficol 1 were treated with HU on day 2, 4 or 6 after antigen 
injection, and anti-TNP PFC were determined in spleen and bone marrow 
on day 10. HU treatment on days 2 and 4 after immunization with TNP-LPS 
reduced the number of PFC in the bone marrow to 10 and 40% of the value 
found in non-treated controls, respectively. No effect on the bone mar
row PFC response was found in case of HU treatment at 6 days after immu
nization (Fig. 2, upper part). In the spleen HU treatment had much less 
effect upon the PFC response. In this organ, a significant reduction of 
the number of PFC was only found on day 2 after immunization. The effect 
of HU treatment upon the PFC response in the spleen and the bone marrow 
of mice immunized with DNP-Ficoll was essentially the same as described 
for TNP-LPS. In this case, however, there was still a clear prolifera
tive activity by day 6 after immunization (Fig. 2, lower part). 

In al 1 experiments HU appeared to cause a temporary decrease of 
the total nucleated cell count in the bone marrow, as has been reported 
by others (9). No correlation was found between the number of PFC and 
the nucleated eel 1 count in the marrow (data not shown). 

DISCUSSION 

Antibody formation in vivo is largely dependent upon a clonal 
expansion of the antigen-activated B eel ls. This has been shown in 
various species and for a variety of antigens (10,11). These studies, 
however, were all restricted to spleen and lymph nodes. In recent 
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Figure 2. Influence of hydroxyurea upon the primary anti-TNP PFC response in mouse 
spleen and bone marrow after immunization with either TNP-LPS or DNP-Fico\1. Dpen 
columns represent the geometric mean of the response of the spleen, hatched colu~ns 
the response of the bone marro~1. Bars represent 1 SEM. PFC were determined 10 days 
after immunization (n = 5). 

years it has become clear that the bone marrow is an important site of 
antibody formation as well. Antibody-forming cells which appear in the 
bone marrow are mostly derived from peripheral lymphoid organs (1). So 
far, only the antibody formation in the bone marrow to TNP-LPS has been 
shown to be dependent upon a local activation and differentiation of 
the antibody-forming eel ls (2). 

Experiments that deal with the proliferative activity of antibody
forming cells in the bone marrow are difficult to design as to the immi
gration of eel Js from peripheral lymphoid organs. Therefore we made use 
of the data from our previous splenectomy experiments, which showed that 
the immigration of SRBC-activated B cells giving rise to PFC is restric
ted to the first 4 days after booster immunization (8). Thus, the re
ducing effect of HU treatment upon the bone marrow PFC response of sple
nectomized mice can be interpreted in terms of proliferative activity 
of the relevant eel 1 compartment. Peak proliferative activity of the 
antibody-forming cell compartment in the marrow was found to occur on 
day 4 and 5 after secondary immunization with SRBC (Fig. 1). The HU
induced reduction of the bone marrow PFC was, in contrast to the HU
induced decrease of the eel lularity of the marrow, not a temporary phe
nomenon, but still present 4 weeks after the booster injection. This' 
indicates that the magnitude of the antibody formation in the bone mar
row is highly dependent upon two events: the migration of antigen-
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activated B cells toward the bone marrow (1 ,8), and the proliferative 
activity of these immigrant cells within the marrow. Both events are 
restricted to the first few days after immunization, in spite of the 
sustained character of the bone marrow PFC response (12). 

The marrow PFC response induced by injection of DNP-Ficoll is also 
mainly caused by immigration into the marrow of B eel ls activated by 
the antigen in peripheral lymphoid organs (2). After antigenic stimu
lation of these cells they probably start to pro! iferate in the spleen 
and continue to pro! iferate in the marrow (Fig.2). 

Antibody formation in the bone marrow to TNP-LPS is caused by a 
local activation and differentiation of B cells, and is dependent upon 
the mitogenic moiety of LPS {2). The differentiation of these activated 
B eel Is is clearly associated with pro! iferation, which is maximal about 
3 days after immunization (Fig. 2). 

Remarkably, the splenic PFC response induced by TNP-LPS and DNP
Ficoll was much less affected by HU treatment than the bone marrow PFC 
response. This might be due to a repeated induction of specific B eel Is 
in the spleen by the persisting antigen (13,14), so that at the moment 
of testing (day 10) the initial HU-induced decrease of the splenic PFC 
response has been compensated for by newly activated 8 cell clones. The 
induction of bone marrow antibody formation, on the other hand, seems 
to be restricted to the first few days after immunization {8), so that 
elimination of the proliferating cells in this period causes a sustained 
depression of the antibody formation in the marrow. 
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