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ability to discriminate between self and non-self antigens. The antigen
recognition on B cells is achieved by |lg molecules, receptors, present
on the cell surface of mature B celis. After antigenic stimulation, B
cells can differentiate into plasma cells. Plasma cells 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 cells into antibody-secreting plasma cells. Thase T
cells are called helper T cells. 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 which are respon-
sible for cellular immune responses: the killer T cells. Killer T cells
lyse foreign antigenic cells {e.g., virus infected ceils, organ and
tissue grafts). Finally, suppressor T celis are able to suppress both
kumoral and celiular immune responses.

Another impertant feature of the Immune system, besides the spe-
cificity of its responses, is the capacity of carrying memory. After
primary antigenic stimulation effector cells are induced, which mediate
the immune functions. These effector ceils are mostly short~lived, end-
stage cells. Among the progeny of activated lymphocytes are also cells
which are long-lived, 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 gquality and gquantity of the memory lymphocytes.

B and T cells exercise their effector functicn mainly within the
spieen, lymph nodes, gut-associated lymphoid tissue, and bronchus-asso-
ciated lymphoid tissue. The major immunclogical function of these
organs is to remove antigens from the bloodstream and the interceliular
spaces, to concentrate, and to present them tc the lymphocytes. The
peripheral lympheid organs are provided with both accessory cells and
the appropriate tissue architecture needed to fulfil! these tasks.
After contact with the antigen, thus processed, T and B lymphocytes
differentiate and proliferate into antigen-specific effector T cells
and antibody-~forming ceils, respectively.

After primary immunization the antibody-forming celis 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., 197%4al). In fact, after the
first week of secondary type responses the BM is the mzjor site of lo-
calization of antibody-forming cells. The purpcse of the studies de-
scribed in this thesis has been to elucidate the mechanism underlying
antibody formation in the BM.

fn the next chapter some characteristics of the immune system
which are impertant for a better understanding of the subseguent 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 aimost exclusively performed with mice. Chapter 3 reviews the lit~
erature about the occurrence of immunological effector cells within the
BM.



2. BTRUCTURE OF THE IMMUNE SYSTEM

2.1. Imtroduction

The immune system consists of different lymphoid tissues dispersed
throughout the body. These tissues do not stand isolated, but are func-
ticnally 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 tymphatic vessels. Twc sorts of lymphoid crgans 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 cells, 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 ov primary lymphoid organs

The central lympheid organs Include the BM, which is present in
amphibia and al! higher vertebrates, the thymus, which is prasent 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
lTympho-epithelial 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, 1377). The lym-
phoid cells present in both organs are derived from bicod-borne stem
cellis. Neither thymic nor bursal epithelium and mesenchyme can give
rise to lymphoid cells. The micreoenvironment formed by epithelial cells
is supposed to support the extensive proliferation and differentiation
of Iymphocytes which takes place within these organs.

Z.2.1. Bone marpow

In adults the BM is the major localization of the pluripotent hae-
mopoietic stem cells {HSC}. The HSC have the capacity of self-renawal,
Moreover, they are able to generate blood cells of the erythroid, mye-
loid, megakaryoid, and lymphoid series. The BM is the major site of
generation of immunccompetent virgin B lymphocytes (Phillips et al.,
1977). Large lymphoid cells, which contain cytoplasmic u chains (c~p+),
putatively form the first detectable stage of B cell differentiation in
mice (Raff et al., 1976; Owen, 1979; Levitt and Cooper, 1380; Osmond
et al., 1981). These c-uT cells do not show expression of Igh on the
cell surface, Many of the c=p% celis are cycling cells (Owen et al.,
1977a, 1977b; Cooper and Lawton, 1979; Rusthoven and Phillips, 1980).
They give rise to small c-u® lymphocytes. These small c-ut lymphocytes
subsequently start to express IgM molecules on the cell surface (s-IgM)



without apparent further cell proliferation {Meichers and Andersson,
1973). Along with an increasing density of s-IgM, la antigen and a
receptor for the Fc portion of the !gh molecule {FcR) appear on the
surface of the immature B lymphocytes {(Osmond and Rahal, 1378; Chan

and Osmond, 1979). Only after a lag period, a receptor for the €3 com-
ponent of the complement system (CR) and IgD molecuies appear on the
cell surface (s-1gB) (Yang et al., 1978; Chan and Osmecnd, 1979). With-
in the BM mature B cells with low density s~igD {Lala et al., 1373)
occur, whereas lymphocytes with a high density of s-1gD are present in
the spleen and the lymph nodes. There is evidence that during receptor
maturation, B cells migrate from the BM via the bloodstream to the red
pulp and subsequently to the white pulp of the spleen {Osmend, 1375;
Yoshida and Osmond, 1978). Especially, the follicles in the spleen form
the sites of B cell accumulation {Martin and Leslie, 1977). The matu-
ration of B lympheocytes 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 8 lymphocytes as
described above, 1s 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 for B lymphocytes is
obtained by analysis of surface markers on leukaemic cells of patients
with different subtypes of acute lymphoblastic leukaemia (ALL). For
this purpose one has to assume that, in a given patient, ALL resuits
from proliferation of & single cell 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 iymphocyte 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 mice (Gsmond and Nossal,
1974; Osmond et al., 1981). In mice which are repeatedly injected with
anti-lgM serum from birth, s=IgM™ lymphocytes fail to deveiop. More-
over, in mice thus treated, civculating IgM is absent and the serum
levels of other 1g except of lgGl depressed (Lawton and Cooper, 1974),
which alsc indicates that the B lymphocyte population is highly defi-
ciznt 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
marrow 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-1gMt Tymphocytes in the BM is normal (Osmond and Nossal, 1974). tn
contrast, the producticn rate is markedly reduced as compared to that
in conventionally reared controls. Exogenous antigenic stimuli can tem-
porally anhance the marrow lymphocyte production in normal mice as well
as in T celi-deprived mice and anti-igM suppressed mice. Moreover, a
similar increase in marrow lymphocyte genesis is induced by nonimmuno-
genic irritants (e.g., mineral oil) {0smond 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-



environmental?) facters, which cause a 'basal level' lymphocytopoiesis,
and (b) the regulation by exogenous stimuli which can amplify the pro-
duction rate. +

By criteria of c-u and s-IgM, 80% of the small lymphocytes in the
BM of young adult mice are of the B cell linesage. Most of these cells
are recently generated from large lymphoid cells termed transitional
cells (reviewed by Rosse, 1976), Approximately 12% of the marrow small
lymphocytes have neither B nor T cell markers and are therefore fre-
quently indicated as 'nuil' cells., Probably these 'null! cells form a
heterogeneous population consisting of functionally unrelated cells.
Some of the 'null' cells may represent precursor cells committed to
the T cell lineage.

The BM of adult mammals contains a population of cells capable of
maturing to T cells in the thymus (Ford et al., 1968). 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,
1377), of expressing T cell markers {Bach, 1971; Xomura and Boyse, 1973),
and of expressing the enzyme terminal deoxynucleotidyl transferase
(Pazimo et al., 1978). Furthermore, pre-T cells are able to differenti-
ate Tnto functional T ceils (Gorzynsky and MacRae, 1979a, 1979b) after
im 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 cells can be sepa-
rated from both the HSC and mature T cells in the BM on the basis of
the average cell density (El-Arini and Osaba, 1873; Basch and Kadish,
1977). These latter results, however, have been challenged by Boersma et
al. (1881), who were unable to segregate pre-T cells, HSC, and mature T
cells according to buoyant density, velocity sedimentation, and cel}
surface charge. The pre-T cells, which are the responsive cells in the
abeove mentioned assays, are generated independent of the presence of
the thymus, because they occur in BM and spleen of neonatally thymecto-
mized (R¥pke, 1977a, 1977b) and congenitally athymic mice (Scheid, 1875;
Roelants et al., 1976; R&pke, 1977b). The PHA responsive cells, also
belonging to the pre-T cell pogl, are mainly rapidly renewing cells
(Press and Rosse, 1978).

The fate of most of the rapidly renewing pre-T cells produced in
the BM is not known. Only a few of these pre-T cells have been shown to
migrate to the thymus according te local marrow labelling experiments
(Brahim and Osmond, 1970; Parrott and de Scusa, 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 Zn vivo homing assay of fluorescence labelled BM cells
{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 well 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 functicnal T lympho-
cytes (Miller and Osoba, 1967). Within the thymus, immature immuno=in=~
competent pre-T cells, which seed in from the BM, preliferate and dif-
ferentiate into mature immunocompetent T lymphocytes. These T lympho-
cytes eventually emigrate to the peripheral lTymphoid organs (reviewed



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. 1n 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 protifera-
tion takes place particularly in the more superficial layers. Labelling
experiments show that DNA synthesis in the thymus 7s 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, labelled small thymocytes
are found in the medulla a few hours after selective labelling of the
outer cortex (Weissman, 1967). Intrathymic migration of lymphocytes
from the cortex to the medulla can explain the cccurrence of labelled
small thymocytes in the medulia, Existence of such a migrational path~
way has been shown more directly by €n situ local lazbelling 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).

Alszo the densities of the surface antigens charge (e.g., the density
of Thy-1 decreases, while the density of Lyt-1 and H-2 antigens in-
creases).

The anatomical localization of thymocvtes closely correlates with
their sensitivity to the cytoclytic activity of corticosteroids. The
cortical thymocytes lyse after <n vivo administration of high doses of
cortisone, while medullar thymocytes are much less affected (Dougherty,
1952; Jshidate and Metcalf, 1963). Functional studies have shown that
the medullary, cortisone-resistant thymocytes are mainlty 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 Tym-
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, 1877).
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 to T 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 oenly in the selection of the appreopriate T celis but also in
the preliferation and differentiation of pre-T cells, in the sense that
intimate contact is needed between pre-T cells and the epithelium. Humc-
ral factors, produced by the epithelial cells, are involved in this
interaction {reviewed by Bach and Carnaud, 1976; Goldstein et al.,
1975; Trainin 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 hypothesized. These latter factors might play a rele in the matu=-
ration of the immature post~thymic T cells in the periphery (Cantor znd



Welssman, 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 wall of the clcaca. This organ is popu-
lated with haemopoietic stem cells early in embyronic life. Chickens
bursectomized in embryonic life, e.g., at 17 days of incubation, have
reduced levels of surface lg-bearing small iymphocytes, of plasma cells,
and of serum Ig (Cooper et al., 1972). Thus, the bursa is invoived in
the generation of B lymphocytes in birds (reviewed by Schaffner et al.,
1974, and by Glick, 1978).

2.3. Peripheral or secondary lymphoid organs

As stated above, virgin B and T lymphocytes generated within the
bone marrow and thymus, respectively, migrate to the peripheral Tym-
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 B and a T cell compartment
can be recognized (reviewed by Parrot and de Sousa, 1971). Virgin B cells
settle predominantly in the lymphoid folliclies (Rozing et al., 1978},
whereas T cells are found within the peri-arteriolar iymphoid sheath
{PALS) of the splenic white pulp, the paracortex of lymph nodes and the
interfollicular areas of the GALT {Waksman, 1962; Gutman and Weissman,
1972; van Ewijk et al., 1977). These compartments have npc rigid boun-
daries, and cells from either compartment are able to migrate to the
other.

Upon primary antigen injection small B lymphocytes can be stimulat-
ed to transform intc B cell blasts in the peripheral part of the PALS
{van Ewijk et al., 1977). The B cell 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 cells migrate to the red puip of the spieen and to the meduilary
cords of the jymph nodes (Thorbecke and Keuning, 1956). Antigen specific
T lymphocytes can greatly enhance the response of B cells (Claman et
al., 1966; Miller and Mitchell, 1968; Mitchison, 1969).

The activation of T lymphocytes by antigen most likely oceurs
within the T cell areas. Blast transformation and proliferation of T
cells precede the B cell blastogenesis {van Ewijk et al., 1977).

As a consequence of antigenic stimulation, a focus of blast celis,
dividing celis, as well as active macrophages form a follicle centre or
germinal centre. The germinal centre formation compresses the follicular
dendritic cells to a crescent around this centre {Miller, 1964),

It is difficult to reconcile the segregation of B and T cells with-
in the lymphoid organs with the need of T-8 cell interaction, which is
necessary for a T cell-dependent antibody response. The question where
the T-B cell interaction is precisely iccalized has not compietely been



frequency analyses in an €n vitro limiting dilution assay. A major in-
crease in the CTL-P frequency can also explain why in vifro cytotoxic
responsivenass to ectromelia virus-infected cells can only be induced by
orimed spieen cells, but not by spleen cells of uninfected mice (Gardner
and Blanden, 1376). :An increase of antigen-specific CTL-P has .also been
observed in mice, that had rejected tumours induced by murine sarcoma-
leukaemia virus (MSV-MLV). These tumours regress spontaneously im vive
{reviewed by Levy and Leclerc, 1977). Following rejection of the tu~
mour, the frequency of CTL-P to syngeneic MLV-induced Iymphoma cells is
incr?ased 10~ to 20-fold as compared to normal mice (MacDonald et al.,
1986).

In centrast to priming in a MLR, the increase of the frequency of
alloantigen-reactive CTL-P observed in the spleen of alio-immunized mice
is relatively small, i.e., 3~ to 4-fold. Moreover, the freguency of pro-
liferating T lymphocyte precursors (PTL-P) is not increased after im
vivo alloimmunization, in contrast to priming in MLR. One possible ex~
planation for these findings is that primary immunization with allo-
antigens in vivo results in a selective increase of CTL-P among the
alloreactive PTL-P, However, qualitative differences between normal and
alloimmune CTL-P can also explain these results. For example, alloimmune
spleen CTL-P may have a iower proiiferating capacity than CTL-P in nor=~
mal spleen, or aiternatively, allcimmune CTL-P may give rise to CTL with
higher cytelytic efficiency. In accordance with such a hypothesis, some
results obtained in MLR mass cultures, established with normal and allo-
immune responding spleen cells, reveal differences between 'virgin' and
'memory’ CTL in their antigen reguirements and the temperature depend-
ency of their cytolytic activities {Cerottini and Brunner, 1977).

1t 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 cell products or alternatively, an increase
of the affinity of the antigen receptors on T lymphocytes.

2.8, Lymphocyte recireulation

Whereas the spleen is mainly drained by blood vessels, Tymph nodes
are intimately connected with the lymphatic system, This system consists
of thin walled vessels, which criginate 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 blcodstream.

Lymph nodes are also traversed by some small blood vessels. Within
the 1ymph nodes Iymphocytes are able to traverse the walls of the blood
vessels (Gowans and Knight, 1964; Sedgley and Ford, 1376). This only
occurs in the post-capiliary part of these vessels at sites which are
lined by high-endothelial cells, i.e., the so-called 'high-endothelial
vernwles'. The high-endothelial venules possess recognition structures
for lymphocytes {Woodruff et al., 1977; Butcher et al., 1979; Stevens
et al., 1982). Both B and T cells are able to cross the walls of the
high~endothelial venules after binding tc these structures. Upon entry,
B cells migrate to the outer cortex and to a lesser extent toe the cor-
tico-medullary junctions, T cells settle in the paracortical region,



where the high-endothelial venules are situated. Both B and T 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 te recirculate continuousiy 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 iymphoid 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 with specificity
for antigens encountered in an earlier phase of life. This can be con-
cluded from the percentage of labelled 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;
Streber et al., 1973s, 1973b). Antigenic stimulaticn extends the pool
of specific recirculating B lymphocytes. Most likely, these memory B
cells are produced in the germinal centres of the follicles of the
various peripheral lymphoid organs (Wakefield and Thorbecke, 13968a,
1968b; Nieuwenhuis, 1971; Nieuwenhuis et al., 1974),






3, THE BONE MARROW AS SITE OF IMMUNOLOGICAL 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 1t has been shown that the
production of B lymphocytes and precursors of T lymphocytes can alsc
take place outside the BM, and in the absence of a functional BM micro-
environment {Kincade et al., 197%; Rozing et al., 1976}. On the other
hand, effector cells can be found not only in peripheral lymphoid
organs, but also within the central lymphoid corgans. The purpose of
this chapter is to give an overview of the lymphoid effector cells
which can reside in the BM.

5.2, Antibody— and itmmunoglobulin-producing cells within the bone
fiteasgigoh)

Only for the sake of clarity we will distinguish between antibady~
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 |g molecules secreted by the lg-producing cells 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 cells 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-typheid
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 Lidke {1912), Reiter (1813), and, later, by deGara and
Angsvine (1543) and Thorbecke and Keuning (1353), who showed that BM
cells of immunized animals released specific antibodies during <n
vitre 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 vive immunization by de nove 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 (Pfelffer and Marx, 1898; Deutsch, 1899; deGara and Angevine,
1943; Thorbecke and Keuning, 1953; Thorkecke et al., 1962).

{b) BM cells cultured in vitro can produce antibodies (Carrel et al.,
1912; Lidke, 1912; Reiter, 19813; 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 =i., 1956a, 1956b,
1958, 1965; Langevoort et al., 1963; Thorbecke, 1954, 1960; Asofsky



and Thorbecke, 1961; Thorbecke et al., 1364; van Furth et al., 1966;
McMi;1an et at., 1972, 1976; Vaughan et =al., 1976; Kutteh et al.,
1982).

{c) in rabbics (Kelouch et al., 1938, 1947; Bjdrneboe and Gormsen, 1943,
Fagreus, 1948) and in man (Gormsen and Heintzelmann, 19%%; Good and
Campbell, 1950; Good, 1955) a positive correlation exists between
the number of plasma cells in the BM and the serum antibody level
after intensive antigenic stimulation.

(d) the BM of Tmmunized mole rats {(Rice et al., 1972; Jankovic and
Paunovic, 1973}, rabbits (Landy et al., 1965; Donneily and Sussdorf,
1875; Blijham, 1975), mice (Benner et al., 1974a), rats (Knothe et
al., 1979), chickens {Keily and Abramoff, 1969; Weber, 1972;
Jankovié et al., 1973) and adult freogs (Eipert et al., 1979) can
contain large numbers of antibody-forming cells as determined with
the plague-assay. Furthermore, BM cells of rats immunized by an
intradermal injection of xenogeneic celis produce antibodies di-
rected to these latter cells, This is apparent from the sctivity 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 !tg-containing cells (C-lg cells) in the BM containing the
various heavy and light chain isotypes, and the ratio of the serum
levels of the same |g isotypes. Both ratios are equal in the following
combinations: IgM-lgG-IgA (Hijmans et al., 1971; Turesson, 1976},
lgG1-1g962-19G3-1gGk (Morell et al., 1975), IgAl-1gA2 {Skvarill and
Morell, 1974}, monomeric-polymeric IgA (Radl et al., 1974}, wk-A ratic
{Hijmans et ai., 1971; Vossen, 1975; Turesscn, 1978}, and 1gD versus
all other heavy chain isotypes together {van Camp et al., 1978). In
contrast, the distribution profile of C-lg cells in the peripheral lym-
phoid organs is different from the serum levels of the Ig 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
autcimmune phenomena.

The numbers of C-lg cells (Haaijman et al., 1977, 1978) found with-
in the BM of mice are substantial as compared with the numbers found in
other lymphoid corgans. The same results were obtained, when the number
af lg-secreting cells were assayed more directly with the protein A
plague-assay (Benner gt al., 1981b}. The aksolute and relative contri=-
bution of the BM to the totzl number of Ig-secreting celis in mice in-
creases enormously with age. For instance, in normal BALB/c mice the
total number of fg-secreting cells per animal increases 20- to 25-fold
between 4 and 100 weeks of age. In the same period the number of Ig-
secreting cells present in the BM increases 100-fold. As a conseguence
the percentage of all lg-secreting cells per animal localized in the
marrow increases Trom 17% at b weeks to 75% at 100 weeks of age
{Benner et al., 1981b). Other mouse strains show similar distribution
patterns of the lg-secreting celis over the life-span. The accumulation
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of lg-secreting cells 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 ig-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 ig-production in the BM is facilitated by exposure of the ani-
mal to excgenous antigens. Exposure to exogencus antigen is the major
factor determining the total number of lg~secreting cells as well as the
distribution of these cells over the various lymphoid organs and the
heavy chain isotype distribution of the Ig-secreting cells. In normal,
conventionally reared mice the majority of the IgG- and lgA-secreting
cells are localized in the BM. In contrast, in antigen-deprived mice the
number of IgG- and IghA-secreting cells present in the BM is highly defi-
cient (Haaijman et al., 1979; Benner et al., 1981h). 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-preducing cells hardly appeared in the BM (Benner et al.,
1981¢). The deficiency of IgG- and IgA-secreting cells in the BM of
antigen-deprived mice suggests that the produced 1gG and IgA are predo-
minantly directed against envivenmental antigens, that penetrate by
passing the epithelium lining the gastro-intestinal and respiratory
tracts.

In spite of the extensive evidence, reviewed above, in favour of
the BM as a major site of [g- 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 formaticn can hardly be found after
immunization of rabbits {Thorbecke, 196%; 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, 1572;
Cochen, 1372; Curningham, 1973, 1374; Lozzio and Wargon, 1974} with
thymus~dependent {TD) antigens. However, in most of these investigations
antibedy formation has been assayed in the different lympheid organs
oniy during the primary response. This, however, Is crucial, because
antibody formation in the BM is only induced after twoc or more immuni=
zations with the same antigen (Thorbecke et al., 1961; Langevoort at
al., 1963; Benner et al., 1974%a; 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/cr Iymph 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 {Berner et al., 197ka}. 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
1gM, 1gG, and 1gA antibody production (Benner et ail., 1974a; Hill, i976).
Furthermore, {gE antibody production by BM cells has been observed in
mice immunized with alum-precipitated ovalbumine {0V) and with mixtures
of Ov and Con A (Kind and Malloy, 1374; Gollapudi and Kind, 1975}. This
IgE antibody production has been determined by the adoptive passive
cutaneous anaphylaxis (PCA) reaction. It should be noted here, that



anti-host DTH response during the delayed GvH reaction (Bril and Benner,
in press), which usually develops in lethally irradiated mice reconsti-
tuted with allogeneic 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.
QOther suppressive activities have alsc been found in the BM. |t has
been reported that murine BM celis can suppress the ¢m vitro humoral
immune response (Singhal et al., 1972; Drury and Singhal, 1974; Petrov
et al., 197%; Adler et al., 1976; Gorzcynsky and MacRae, 1977a; Duwe
and Singhal, 1979a, 1979b; Dauphinée and Talal, 1979}, and the prolif-
erative and cytotoxic response of lymph ncde and spleen cells to allo-
antigens in the MLR (Gorczynsky and MacRae, 1977a; Dorshkind et al.,
1980; Maraoka and Miller, 1880}. In cartain studies it has been shown
that the suppressor cells are present in the lymphocyte-enriched frac-
ticns of the BM, but are insensitive to treatment with anti=Thy~I
serum and complement, and to treatment with anti-ig serum and comple-
ment, and, therefore, probably are 'nuil? cells. Dauphinée and Talafl
(1979} have described that a radiosensitive cell population in the BM
is responsible for the observed suppression of the #n vitro antibody
response. These suppressor celis are also insensitive to treatment with
anti-Thy-1 serum and complement. However, when the BM cells are incu-
bated with thymosin or thymus-derived humoral factors and then treated
with anti=Thy~1 serum and complement, the suppressor activity is nearly
abolished. These results suggest that the suppression is mediated hy
a precursor cell that can be induced by thymosin to express Thy-1 anti-
gen on the cell surface. Howsver, the suppressicn mediated by these BM
cells is not antigen-specific, which is an additicnal argument in
favour of the inference that the suppression observed in the latter
experiments is not mediated by mature suppressor T cells.

3.4, Notural killer cells in the bone marrow

Natural killer (NK) cells are believed to be a subpepulation of
lymphoid cells that are present in normal individuals of mammalian and
avian species. NK cells display a 'spontaneous' - that is without prior
intentional sensitization - cytolytic activity in vitro against & vari-
ety of tumour cells, some virus-infected cells, and certain normal cells
(Kiessling et ai., 1975a; Herberman et al., 1975; Nunn, 1577).

The NK cells are medium-sized mohonuclear cells which neither
express lg's nor ia antigen (reviewed by Kiessling, 1979}. Although
NK celis are thymus-independent in the sense that they are present in
congenitaily athymic nude mice and neonataily thymectomized mice and
rats (Herbermann et al., 1978a; Reynolds, in press), a substantial pro-
portion expresses cell surface markers which are characteristic for T
cells. About half of the NK cells in humans express low-affinity recep~
tors for SRBC, and the majority react with monocional antibodies direct~
ed against T cell-associated antigens (West et al., 1977; Eisenbart,
1980; Ortaldo et al., 1981}, Similarly, 50% 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 ceils so far (Pollack et al., 1979; Koo et al,, 1980). Another cel!
surface marker of NK cells is the receptor for the Fc portion of [gG



(FcR). This marker is readily detected on most human NK cells. When
appropriate depletion procedures are used, this receptor can also be
detected on most of the NK cells of mice and rats (Herberman et al.,
1977; Oehler et al., 1978). In contrast to these phenotypical charac-
teristics, which suggest that NK cells belong to the T cell Tineage, NK
cells share some surface markers with macrophages and polymorphenuclear
leukocytes in both man (Zarling and Kung, 1980; Kay and Horwitz, 1980;
Breard et ai., 1981; Ault and Springer, 1981; Ortaldo et al., 1981},
mice (Lohman-Matthes and Domzig, 1980}, and rats (Reynclds et al., 1981}.
At present, insufficient evidence exist tc decide whether NK cells are
cells belonging to the T cell lineage, to the menocyte lineage or to

a separate cell lineage that is derived from a common precursor for lym-
phocytes, monocytes, and poliymorphonuclear leucocytes.

It has been shown in mice that NK cells are BM derived celis (Hal-
ler et al., 1977a, 1977b) and, morecver, are dependent on the function-
al BM microenvironment for full expression of their cytolytic activity
(Kumar et al., 197%). Thus, NK precursor cells are most probably gener-
ated within the BM and emigrate to the periphery, mainly the spleen.
Alsc the peripheral blood contains substantial NK activity. Low NK ac-
tivity, can be found within the BM itself (Kiessling et al., 1975b;
Herberman et al., 1975b}. 1t has not been investigated yet whether this
low activity is a consequence of a low freguency of NK cells in this
organ or of a relative immaturity. Both the low density Thy-i~bearing
smat] lymphocytes and the rapidly renewed, Fc receptor bearing 'null!
small Tymphocytes in the BM (Chan and Osmond, 1979) are possible candi-
dates for the BM NK precursor cells and the mature NK cells.






4, INTRODUCTION TO THE EXPERTMENTAL WORK

As stated in Chapter 2 the subdivision of lymphoid organs into
'central! and 'peripheral' was based upon the view that the antigen-
independent formation of virgin Iymphocytes and the induction of immune
respenses 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 immunolegical research, are immunized
with a thymus-dependent {TD) antigen, antibody formation would be con-
fined mainly te the peripheral lymphoid organs. However, as menticned
pefore (Chepter 3}, during the Tast 90 years papers have appeared in
the literature 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., 197ha, 1974c; Hill,
1976). Adoptive transfer experiments, and experiments using parabiotic
and splenectomized mice (Benner et al., 197h4b, 1975, 1977L) revealed a
coincidence between the presence of memery cells and the capacity of
antibody formation in the BM. The paripheral lymphoid organs not only
produce these memory cells, but are alsc needed for the initiation of
the BM PFC response (Benner, 1977b}. Bacterial lipopolysaccharides
(LPS}, on the other hand, induce antibody formation in the BM not only
during the secondary, but alsc during the primary response (Benner and
van Qudenaren, 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 (T1) antigens. These studies are describ~
ed in the Appendix papers of this thesis.

In dppendix 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 cells during the secondary re-
sponse to SRBC has been quantified. Insight intc the guantitative as-
pects of antibedy formation in the BM is important since all previous
studies in mice have been done with the plaque assay which detects the
number of antibody-forming cells, but which gives no data about the
quantity of antibodies produced.

The role of the peripheral lymphoid corgans in the initiation of
the 8M PFC response has been Investigated using parabiotic mice con-
sisting of members congenic for the lgh-1 locus. Furthermore, the
reguirement for memory B and memory T lymphocytes in the BM antibody
formation has been investigated ({idppendic paper IIT).

in order to exclude the possible facilitating influence of hapten-
specific memory T cells and circulating anti-DNP antibodies we have
studied the cellular requirements of the BM response in more detail by
the technique of adoptive antibody formation in lethally irradiated syn-
geneic mice {Appendiz paper IV).
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In Appendix paper V we have investigated the ability of severai
Tl antigens (i.e., TNP-LPS, TNP-conjugated detoxified LPS, DNP-Ficoll,
Prneumococceus preuwnoniae 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 zlso the
mechanism underlying BM antibody formation to these two antigens has
been investigated.

In Appendiz paper VI the ability of Tl antigens to induce anti-
bedy formation in the BM has been investigated after sascondary immuni-
zation.

dppendiz paper VII deals with the proliferative activity of anti-
body forming cells in the BM of mice immunized with either the TD anti=-
gen SRBC, or the Tl antigens TNP-LPS and DNP~Ficcll.
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8. 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 {revieswed 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;
Eidingar 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 immunizaticn
of mice with TD 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 ail other lymphoid organs together (Benner et al.,, 197ka;
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 cell per unit of time in beth compartments during the
second phase of the response (Appendix paper |l). Therefore, the BM is
the major source of serum antibodies during this phase of the secondary
respense to a TD antigen.

Studies on the mechanism underlying antibody formation in the BM
have been greatly facilitated by the above mentioned finding that in
mice BM antibedy formaticn can be induced by two separate injections of
a TD 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 TD antigens, suggested that memory cells are reguired for BM
antibody formation. In subsequent experiments, Benner et al. (1974b,
1975, 1977b) noticed a coincidence between the occurrence of B and T
memory cells and the ability to respond to challenge with the relevant
antigen with antibedy 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 memery T cells,
before the booster immunization (Appendix paper [I1}. Likewise the
adoptive antibody formation in the BM to hapten-carrier conjugates is
dependent upon the presence of hapten-specific memory B cells, and not
upon carrier-specific memory T cells (Appendix paper IV). However,
memory T cells do enhance the adoptive BM PFC response mediated by
infused hapten-specific memory B cells. We have also investigated
whether hapten-specific memory T cells, which might replace carrier-
specific memory T cells, are involved. This was done by transferring
hapten-specific memory B cells, which were depleted of T cells by treat-
ment with anti=Thy=1 serum plus complement, together with norma! spleen
cells as a source of unprimed helper T celis. 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 V).

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

The immigration of activated memory B cells 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. (1977¢) in which
mice were splenectomized at different intervals after the bcoster in-
jection of a TD antigen. These experiments revealed that splerectomy
four or more days after the booster injection no longer influences the
BM PFC response, whereas splenesctomy at day two could completely pre-
vent the BM PFC response (Benner et al., 1377¢). Consistent with such
a migration of activated cells toward the BM, radicautographic studies
in guinea pigs demonstrated an influx of newly formed mononucltear cells
via the bloodstream into the BM after intravascular antigen administra-
tion {Appendix paper I[l). Furthermore, enhanced migration of lympho-
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 tc TD antigens in the BM during secondary
type responses is characterized by its sustained pattern (Appendix
paper I}. This BM PFC response is not maintained by a continuous influx
of antibody forming cells 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 cf 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
tatter (Benner et al., 1977a).

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

TABLE

Mitogenic Properties of Tl Antigens In Vitre

Polyclonal Polyclonal
Antigen B cell stimulation DNA synthesis
{TPN-)LPS + +
(TNP-}dLPS - -
TNP-BA - -
DNP-Ficoll - -
Dextran + +
Pn - -
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(TNP-BA), Pnewmocoeceus preumonice 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 |,

The kinetics of the BM response to TNP-LPS is basically different
from the respense to DNP-Ficoll. While primary immunization of mice with
LPS or THP-LPS leads to a substantial PFC response in the BM already by
day 4 after immunization, injection of DNP-Ficoll does not induce & PFC
response in the BM before day 5. Furthermore, the BM 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-Ficell. The BM-localizing PFC induced by
TNP-LPS are formed within the BM itself from smail 8 lymphocytes recent-
Iy 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 celis 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 mitcgenic signal of the ligid A component of LPS.
This is apparent from the observation that detoxification of LPS, which
inactivates the lipid A component that is responsible for the mitogenic
and adjuvant properties of LPS, abolishes the ability of LPS to induce
antibody formation in the BM. The Zn situ induction of antibody forma-
tion to (TNP-)LPS in the BM is compatible with the recent observation
that B cells in the mouse 8M are fully immunocompetent im 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-Ficoll is mainly dependent on long-lived B cells that migrate,
after antigenic stimulation, from the peripheral lymphoid organs intoc
the BM {Appendix paper V).

As stated above, TD antigens give rise to antibody formatien in
the BM after multiple immunization only, because antigen-specific memory
B cells, induced during the primary immune response, are indispensible,
Therefore, the question arises as to whether TI 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 conly 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 TD antigens (Appendix paper
Vi),

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

Since TD antigens hardly induce antibody fermation 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 waak BM PFC response to most Ti antigens, which is aiso found after
repeated immunizaticn, is difficult to reconcile with the occurrence of
high numbers of background Ig-secreting cells in the BM of congenitally
athymic mice (Haaijman et al,, 1979; Bennsr et al.,, 1981d). This incen-
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 excgenous antigens that nermally stimulate the immune sys-
tem of nude mice are associated with a mitogenic principle.

After it had been established that antibody formation to TD anti-
gens and DNP-Ficocll in the BM Is dependent upon immigrant cells from
the peripherail 1ymphoid organs, the question arose whether these cells
represent end-stage cells that no longer proliferate, or cells that can
still proliferate within the BM in situ. Likewise the question arose
whether BM antibody formaticon 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 TD
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 beoosted and splenectomized mice with HU on
different days after the booster injection, and subseguently assayed
the anti-SRBC PFC response. 1t was found that treatment with HU on day
4 and 5 reduces the number of PFC ir the BM dramatically. Beyond day &
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 ¢lue for the proliferative activity of the relevant cell com-
partment. Apparently the proliferative activity within the antibedy-form-
ing cell lineage 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 resuits indicate that the magnitude of the BM PFC
response to TD antigens and the Tl antigen DNP-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 prolif-
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 ),

Examination of histelogical sections of the BM of rabbits hyper-
immunized with pneumococcal vaccines have shown that the number of plas-
ma cells in the BM increases after immunization and that they occur as
small islands of 5 to & cells (Bjgrnebce 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-Ficell, antibody formation in the bone marrow to
TNP-LPS is caused by a local activation of newly formed B cells by the
antigen, and a subseguent differentiaticn intc antibody-forming cells.
The differentiation of the activated B cells 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).

In view of the above described data, the sustained character of the
BM PFC response can only be explained by a relatively long lifetime of
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Flgure 1. Schematic representatien of the mechanism underlying antibody
formation in bone marrow. See text for explanation. BM = Bone marrow; BV =
Blood vessel; LN = Lymph node; SPL = Spleen.

the antibody-producing cells in the BM. Evidence for a long lifetime of
at least a part of the plasma cells in the BM as compared to plasma cells
in the spleen has been presented by Taylor and Everett (1972). A Tong
Tifetime of plasma cells has also been observed in cultures of human BM
fragments (Mendelow et al., 1980). The life-span of plasma cells in the
BM of experimental animals can be investigated by occluding one hind

limb 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 labelling the life-span
of these cells can then be estimated.

The above outlined mechanism underlying antibody formation in the
BM is schematically represented in Figure 1. |t 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 cells by
antigen. Instead the BM antibody response is dependent upon the immi-
gration of antigen-activated cells of the B cell lineage from elsewhere.
After arrival in the BM these blast cells further proliferate and mature
into PFC, and produce large amounts of antibodies of the igM, lgG, [gA
(Benner et al., 1974b; Appendix paper 1} and IgE (Kind and Malloy, 1974;
Gellapudi and Kind, 1975) classes. By means of immunofluorescence tech-
niques such cells are revealed as C-lg cells. In normal not intentiocnal-
Iy immunized mice large numbers of background C-lg cells, that is, C-IgM,
C~1gG and C-~IgA (Haaijman et al., 1977, 1978} as well as C-lgD and C-IgE
positive cells (Benner, van Oudenaren and Radl, personal communication)
cccur 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 s 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 tc LPS
and its mizogenic derivatives is the only exception. Presumably, the
central lymphoid organs lack the appropriate microenvironment and/or
quantity or gquality of cells reqguired for the early steps in the induc-
tion of immune responses.

So far no compelling 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 foilicles. In some rare cases even germinal gentres have
been observed in these follicles (Duhamel, 1368; Rywlin 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 follicles 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 weli-known lymphoproiiferative
diseases such as the NZB and MLR/Ipr strains to see whether lymphoid
follicles are present in such mice. {n rabbits, lymphoid follicles have
not been found in normal marrows but some are presant in abnormal mar-
row (Hashimoto et al., 1955).

It is unciear whether the accumulation of antigen-activated memo-
ry B cells ocutside the peripheral lymphoid organs is a specific or
merely a random process. In the latter case, the activated memcory B
cells 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 esxpression of a gener-
al property of secondary type respenses. Thus, secondary PFC responses,
in contrast to primary responses, would be less restricted toc the pe-
ripheral lymphoid organs where the PFC originate, but would disseminata
to all sites of the body where the relevant antigen 1s 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 formation,

In case the migration of antigen-activated B cells is a specific
process, specific recognition structures, comparable to those found
in the high-endothelial venules in !ymph nodes (Woodruff, 1977), may be
involved. Bj#rneboe and Gormsen (1943) have reported that in rabbits
small clusters of plasma cells are diffusely scattered throughout the
BM parenchyma. These clusters have been observed adjascent to the blocd
sinuscids., A similar distribution of piasmablasts 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 sinuscids.

The characteristic kinetics of the PFC response in spleen and BM
shows that the antibody-forming cell response is regulated in such a
manner that the peripherai Iymphoid corgans 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 crganism. Thereby the peripheral 1ymphoid
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-
biy 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 8M may also form a local feedback regu-
lation pathway for ths production of B cells with the relevant antigenic
specificity (Jerne, 1979). Racently, 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., 1380). Likewise,
it is conceivable that anti-idictypic antibodies produced by the BM can
affect the size of specific clones at the pre-B and B cell 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 intc antibody-ferming cells) or die.
According to this view, most of the immunoglobulin(lg)- and antibody-
nroducing cells 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 phenomencn
with mice as experimental animals.

After primary immunization of mice with thymus-dependent (TD)
antigens, antibody formation almost exclusively takes place in the
peripheral lymphoid crgans. However, after secondary immunization with
the same antigen, substantial numbers of antibody-producing plaque-
forming cells {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]l
other lymphoid organs together (Appendix papar 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 11).
Therefore, the BM is the major source of serum antibodies during this
phase of secondary type respeonses to such TD antigens.

The subsequent experiments described in this thesis were aimed to
elucidate the mechantem underlying antibody formation in the mouse BM.
By priming and boosting of mice with TD 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 I11).
Likewise, the adoptive antibody feormation in the BM to TD hapten-carrier
conjugates is dependent upon the presence of hapten-specific memory B
cells. Neither hapten-specific memory T cells nor specific antibodieas
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 TD antigens has been investigated in
parabiotic mice consisting of members congenic for the Igh-1 locus. From
analysis of the allotype of the IgG2a antibocies 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 bocster
antigen in the peripheral lymphoid organs (Appendix paper 111). This
migration of (re)activated memory B cells from the peripheral lymphoid
organs intc the BM is restricted to the first four days after secondary
immunization with the TD antigen. The immigrant cells continue to pro-
liferate 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
cells by treatment with hydroxyurea (HU; a drug that kills celis which
are in the S-phase of the cell cycle (Appendix paper VII}.

In contrast to TD antigens, certain thymus-independent (T1) anti=~
gens {e.g., LPS, TNP-LPS, and DNP-Ficoll) give rise to antibody formation
in the BM zlready during the primary response. The mechanisms underlying
the BM antibody formation to (TNP-)LPS and tc DNP-Ficoll, however, are
different. The PFC response to [TNP~}LPS in the BM is dependent on the
local activation and subsequent proltiferation of newly formed B calls.
This appears from the observation that this response is sensitive to
treatment of the mice with HU befoere (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 lipid A
component of LPS. This is apparent from the cbservation that detoxifi-
cation of LPS, which inactivates the lipid A component that is respon-
sible for the mitegenic 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 iong-lived cells
which migrate from the peripheral lymphoid organs into the BM (Appen-
dix paper V). The maturation of these immigrant cells into PFC is, just
as during secondary responses to TD antigens, associated with prolifer-
ation {Appendix paper VII).

In contrast to LPS, TNP-LPS, and DNP=Ficell, other Tl antigens
(e.g., TNP-conjugated Brucella abortus bacteria (TNP-BA), Prneumococcus
preumoniae bacteria, and a-(1,6)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 BM is not due tc an inability to induce
memory B cells during the primary response or to an inability to reac-
tivate these memory B cells (Appendix paper V).

The different kinetics of the PFC response in spleen and BM shows
that the antibody-forming cell response is regulated in such a manner
that the peripheral lymphcid 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 tc chalienging antigens, whereas the bone
marrow provides a long-lasting protection against recurrent infections.
Possibly the long-fasting 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 respense in spleen and BM.
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7. SAMENVATIING

Het beenmerg (BM) is de belangrijkste produktieplaats van B-lymfo-
cyten. De nieuw gevormde B-lymfocyten migreren na een rijpingsproces
van één of enkele dagen naar de perifere lymfoiede organen (milt,
Tymfkijeren, tonsillen, enz.). In deze laatste organen kunnen de B-
lymfocyten geaktiveerd worden door antigenen (waarna ze kunnen diffe~
renti#ren tot antilichaamvormende celien}, of doodgaan. Gewoonlijk
veronderstelt men dat de meeste immuung]obulina(lg)— an antilichaam~
producerende cellen in de perifere lymfoiede organen gelckaliseerd zijn.
Sinds het einde van de vorige eeuw zijn er echter ock publikaties ver-
schenen, waaruit blijkt dat antilichaamvorming tevens in het BM kan
plaatsvinden (Hoofdstuk 3). In dit proefschrift s dit verschijnsel
nader onderzocht, waarbij gebruik gemaakt is van muizen als preefdieren.

Na primaire immunisatie van muizen met thymus-afhankelijke anti-
genen vindt antilichaamvorming vrijwel uitsluitend plaats in de peri-
fere lymfoiede organen. Na een tweede immunisatie met hetzelfde antigeen
worden antilichaam~producerende plague-vormende cellen (PFC) echter niet
alleen in de milt en de lymfklieren, maar ook in het BM aangetroffen,
Aanvankelijk, d.w.z., gedurende ongeveer de eerste week na secundaire
immunisatie, bevinden de meeste PFC zich in de milt en/of lymfklieren.
Na de eerste week is de PFC-respons in het BM veel hoger dan in alle
andere lymfoiede crganen samen {Appendix publicatie 1).

Kwantitatieve bepaiingen van de gemiddelde antilichaamproduktie
per PFC in milt en BM toonden aan dat de produktie per cel en per tijds-
eenheid in beide crganen ongeveer gelijk is, tijdens de tweede fase van
de secundaire respons tegen schape rode bloedcellen (SRBC) (Appendix
publikatie I1). Daarom is het BM tijdens deze fase van secundaire re-
spensen tegen zulke thymus-afhankelijke antigenen de belangrijkste bron
van antilichamen.

De verdere experimenten die in dit preefschrift beschreven worden
zijn uitgevoerd met het doel inzicht te verkrijgen in het mechanisme
dat ten grondslag ligt aan antilichaamvorming in het BM.

Door de primaire en secundaire immunisatie uit te voeren met hete-
rologe thymus-afhankelijke hapteen-carrier-conjugaten kon worden aange-
toond dat de verschijning van PFC in het BM strikt afhankelijk 1s van
de aanwezigheid van memory~B-cellen op het ogenblik van de secundaire
immunisatie, en dat memory-T-cellen niet noodzakelijk zijn (Appendix
publikatie I11). Ook voor de antilichaamvorming tegen thymus-afhanke-
lijke hapteen-carrier conjugaten in het beepmerg van letaal-bestraalde
muizen zijn, naast normale niet eerder geaktiveerde T-cellen, alléén
hapteen-specifieke memory-B-cellen nocdzakelijk. Hapteen-specifieke
memory~T~cellen, noch specifieke antilichamen spelen een rol hij de
PFC-respons in het BM van bestraalde muizen (Appendix publikatie V).

De corsprong van de PFC, die in het BM verschijnen tijdens secun-
daire responsen tegen thymus-afhankelijke antigenen, is onderzocht door
middel van parabiose van muizen die congeen zijn voor het Igh-1 {lg62a
allotype) locus. Tijdens de parabiose cntstaan verbindingen tussen de
bloedbaan van beide muizen, waardoor o.a. uitwisseling van bloed{cel-
len} tussen de beide dieren mogelijk wordt. Analyse van het allctype
van de IgG2a antilichamen, die in het beenmerg werden geproduceerd,
toonde aan dat de antilichaamvorming in dit orgaan tot stand komt door
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immigratie van memory-B-cellen die in de perifere lymfoiede organen
gerezsktiveerd zijn door (het betreffende) antigeen. De migratie van
antigeen-gestimuleerde memory-B-cellen van de perifere lymfoiede orga~
nen naar het BM vindt plaats gedurende de eerste vier dagen na de
secundaire immunisatie. De geimmigreerde cellen delen na aankomst in
het BM nog gedurende enkele dagen. Dit kan geconcludeerd worden uit de
langdurige en sterke verlaging van de PFC-respons in het BM nz elimi=
natie van de delende cellen door behandeling van de muizen met hydroxy-
ureum (HU; een stof die cellen doodt die in de S-fase van de celcyclus
zijn) (Appendix publikatie VII).

In tegenstelling tot thymus-afhankelijke antigenen induceren
sommige thymus-onafhankelijke antigenen {b.v. LPS, TNP-LPS en DNP-
Ficoll) antilichaamvorming in het BM al na primaire immunisatie. De
mechanismen die ten grondslag 1iggen aan de antilichaamvorming tegen
{TNP-)L.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 proliferatie van nieuwgevermde B-cellen. Dit blijkt
uit experimenten met muizen die v66r (Appendix publikatie V) of na
{Appendix publikatie V!I) immunisatie met (TNP-)LPS behandeld werden
met HU, en het feit dat het verwijderen van de milt v&6r immunisatie
geen invioed heeft op de hoogte van de respons in het BM. De lokale
stimulatie door (TNP-)LPS is afhankelijk van de mitogene aktivitelt 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-
gecon jugeerd gedetoxificeerd LPS (TNP-dLPS}. Detoxificatie van LPS in-
activeert de lipid A compenent van LPS, Dit lipid A is er verantwoorde-
1ijk voor dat LPS niet alleen als antigeen, maar ook als mitogeen en
als adjuvant kan optreden bij de aktivatie van lymfocyten.

In tegenstelling tot de respons tegen TNP-LPS, is de PFC-respons
tegen DNP-Ficoll in het BM niet gevoelig veoor behandeling van de muizen
met HU vdSr primaire immunisatie. Bovendien is de PFC-respons tegen
DNP~Ficoll in het BM verlaagd wanneer de milt is verwijderd védr de
immunisatie met ONP-Ficoll. De PFC-respons in het BM tegen ONP-Ficoll
is daarom, net zoals de respons tegen thymus-afhankelijke antigenen,
afhankelijk van de migratie van lang~ievende B cellen van de perifere
lymfoiede organen naar het BM (Appendix publikatie V). De rijping van
de geimmigreerde cellen tot PFC gaat, net als bij secundaire responsen
tegen thymus-afhankelijke antigensn, gepaard met celdeling {Appendix
publikatie VII).

In tegenstelling tot LPS, TNP-LPS en DNP-Ficoll induceren andere
thymus-onafhankeiijke antigenen (b.v. TNP~geconjugeerde Brucella abor-
tue (TNP-BA) bakteri&n, Preumococcus prneumoniae bakteri&n en g-{1,6)-
dextraan) geen PFC-respons in het beenmerg na primaire immunisatie. Van
deze lzatste groep thymus-onafhankelijke antigenen induceert alleen
TNP-BA een zwakke PFC~respons in het BM na secundaire ‘mmunisatie. Het
feit, dat ook na secundaire immunisatie met de meeste van deze anti-
genen niet of nauwelijks esn respons in het BM wordt gevonden, wordt
niet vercorzaakt doordat na immunisatie met thymus-onafhankelijke anti-
genan gsen memory-B-cellen zouden worden gevormd, en ook niet doordat
deze antigenen niet in staat zouden zijn de geinduceerde memory-B-cel-
len te reaktiveren (Appendix publikatie VI}.

De verschillende kinetiek van de antilichaamvorming in milt en BM
toont aan dat de antilichsamrespons zodanig wordt gereguleerd dat in



de perifere lymfoiede organen de respons snel wordt opgebouwd, maar
slechts kort duurt. De antilichaamrespons in het BM komt daarentegen
langzaam op gang &n zorgt voor een langdurige en massale produktie
van antilichamen, gericht tegen antigenen die het immuunsysteem her-
haaldelijk stimuleren. Door dit verschil in regulatie zorgen de peri-
fere lymfoiede organen voor een snelle afweer tegen binnendringende
antigenen, terwijl het BM het lichaam langdurig beschermt tegen terug-
kerende infekties. Mogelijk wordt de lange duur van de PFC-respons Tn
het BM veroorzaakt, doordat een duidelijke 'feedback' suppressie ont-
breekt. Het zou daarom interessant zijn om te onderzoeken welke fac-
tor{en) het verschil in kinetiek van de antilichaamvorming in milt en
BM bepalen.
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en kundig alle manuscripten van de publikaties heeft getypt, maar cok
met veel geduld ervoor heeft gezorgd dat dit boekwerkje werd wat het is.

Tensiotte wil ik van deze gelegenheid gebruik maken mijn ouders
te bedanken voor de bijzondere wijze waarop zij mij in mijn jeugd heb-
ben begeleid en gestimuleerd en veor de gelegenheid die z1] mi] geboden
hebben mij wverder te ontwikkelen.

Adrianne, de plaats waarcp Je hier in het dankwoord vermeld wordt,
is misschien wel symptomatisch voor de plaats die Je in de afgelopen
jaren 'moest' innemen. Voor de vrijheid die je me daarvoor gegeven hebt
ben ik je dankbaarder dan ik hier in een enkel wocrd kan zeggen. We
hebben het er dus nog wel over onder de kersenbomen.
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INDUCTION OF ANTIBODY FORMATION TN MOUSE BONE MARREOW
Robbert Bewner, Adricnus van Oudenaren and Guus Koch

Dept. of Cell Biology and Gemetics, Erasmue University, Hotterdam,
The Netheriands.

I. INTRODUCTION

Since the Tast decade of the nineteenth century, papers have
appeared in the literature 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 Maaijman, 1980). This evidence has
been obtained in studies showing that after (often Intensive) antigenic
stimulation {1) extracts of bone marrow contain high concenirations of
specific antibodias, (2) bone marrow cells produce and release anti-
bodies and immuncglobulins (ig's), (3} the incidence of plasma cells in
the bone marrow increases, and (k) antibody-producing plague-forming
cells (PFCs) occur in the marrow.

immunogliobulin synthesis occurs in the hone marrow of unintention-
ally fmmunized animals and in humans as well, This can be demonstrated
(1) in short-term #n 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 cells 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 parailel determination of serum Ig
levels and the number of cytoplasmic lg-containing plasmablasts and
plasma cells (C-lg cells) in various lymphoid organs of the same indi-
vidual. The IgM-IgG-1gA class distribution profile and the kK-A ratio
of the C-1g cells in the bone marrow correlated with the levels of the
various lg classes and light 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 |g spectrum. The same correlation between C-lg cells in tne bone
marrow and g levels in the serum was found in separate studies involv-
ing Igh, the subclasses of I1gG and IgA, 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 spieen, the lymph nodes
and the gut-associated lymphoid tissues. This may be due to the fact
that in virtually all studies invelving the most popular experimental
animal in immunological research, the mouse, little or no antibody
formation was found in the marrow after immunization. This chapter will
discuss the critical factors accounting for these negative results
(Section VI).
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II. COLLECTION OF MOUSE BONE MARROW CELLS

A, Collection of Marvow From Femurs

Mouse hone marrow is most easily collected from the femur. A mouse
is killed with C02 or cervical dislocation and pinned with its back
upcn 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% ethanc] 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 view of the working area {Fig. la and 1b). The tendon of
the knee is then cut, so that the rectus femoris can be lifted. It is
crucial to do this carefully, se 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 &. Procedure for the preparation of the bore marrow from a mouse femur. For des-
cription see text.

upper side of the femur (Fig. lc and 1d). Subsequently the femur is
slightly lTifted with surgical forcepts, and the knee joint is cut

(Fig. le). The femur is lifted 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

can be cut (Fig. 1f).

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
256G x 0.6 nzedle, 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 gentiy squeezing the latter through a nylon gauze filter
with 100 um openings (Stokvis and Smits Textielmij. Haarlem, The
Netherlands). The nylon is stretched between two aluminium rings with
a diameter of 3 cm. This setup Is used in combination with a 50 ml
glass beaker (Fig. 3).



Figure 3. Nylon gauze filter for preparation of single-cell suspensions.

B. Collection of Marvow 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 pestie. 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 hone fragments can be separated
from the marrow by gently squeezing the supernatant through a nylon
gauze filter with 100 um or, if necessary, 30 um openings.

IIT. DISTRIBUTION OF ANTTBODY-FORMING CELLS OVER VARIOUS BONE MARROW
COMPARTMENTS

After mice are immunized the plague-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
bong marrow cell suspensions obtained from femur, tibia, humerus, rib,
and sternum. Such a comparative study was made during the primary
response to Facherichia coli lipcpolysaccharide {LPS) and the secondary
response to sheep erythrocytes (SRBCs} (Table 1). In view of the ab-
sence of significant differences between the PF( responses of marrow
celis 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 Ig-positive (B}
cells over various bone marrow compartments, equally high freguencies
were found (Reozing et al., 13978).

IV, CALCULATION OF THE ANTIBODY~FORMING CELL ACTIVITY OF THE TOTAL
BONE MARRKOW

Comparison of the PF( response of the beone marrow with that of
the other lymphoid organs after immunization requires guantitation of
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the PFC response per whele organ. For spleen and lymph nodes this is
easy to do, since the plague assay can be perfeormed with a sample from
a cell suspension made from the whole organ. For bone marrow this is
not feasible. In view of the comparable PFC activity in varicus bone
marrow compartments (Table 1), 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 intraperitoneally (ip) injected 7Fe over the various
parts of the skeleten. Three independent groups of investigators have
performed such studies {(Chervenick et al., 1968; Schofield and Cole,
1968; Smith and Clayten, 197C). They found that of the total amount of
59Fe which localized in the bone marrow, 5.9, 7 and 6%, respectively,
was bound by the femoral marrow. The reciprocal value of the mezan 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 cells can be extracted from a femur. But
sometimes it is difficult to remove all the visible (red) bone marrow
from a femoral shaft. Consequently, the calculated bone marrow PFC re-
sponse is too low. 1in 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 |

Comparison of Plague-Forming Cell Activity in Various Compartments of
Mouse Bone Marrow during the Primary Response to Lipopolysaccharide
and the Secondary Response tc Sheep Red Blood Ceils?:b.

Source of

bone marrow Anti-SRBC PFCs
cells Anti-LPS PFCs I gM 1gG tgh

Femur 2492 820 Lotk 1568

Tibia 3415 1037 4648 1935

Humerus 2937 1640 43971 1882

Rib 2986 1667 5795 2137

Sternum 23560 n.d.© n.d. n.d.

a. From Benner and van Oudenaren, 1975, 1976.

b. Female (C57BL x CBA)FI mice were either immunized by a single iv
injection of 10 ug g.coli LPS or primed with 107 SRBCs iv and
boosted with & x 10° SRBCs iv 4 months later. The PFC assay was
performed 5 days after immunizaticn 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. KINETTCS 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, tndependent of the type of T-
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 IgM as
well as 1gG and IgA antibody production (Fig. 4).
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#igure €. MNumber of IgM, lgG and fgA PFUs in {C57BL x CBA}F1 mouse spleen (open circles)
and bone marrow (selid circles) after two 1v injections of SRBCLs. The mice were primed
with 107 SRBCs and boosted with 4 x 108 SRBCs 3 months later. A triangle indicates that
the number af IgA PFCs above the number of IgM PFCs in the indirect plague assay was not

significant.
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VI. CRITICAL FACTORS

A. Primary versus Secondary—Type Responses

As stated in Section |, all initial studies in which the occur-
rence of antibody formation in mouse bone marrow was investigated
revealed little or no PFC activity in this corgan after immunization
‘reviewed in Benner and Haaijman, 1980). Almost all of these studies
were limited 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 (Hil}, 1976), and
a variety of T-dependent hapten-carrier complexes {Koch et al., 1381}
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 occeurs in the bone marrow after a
single injection of a high dose of a T-depandent 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 availability of memory 8 cells at the time
of the booster injection (Koch et al., 1981). Therefore, the most
likely explanation for bene 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 phencmenon (see also Section Vi, D).

B. Type of Antigen

Thus far, we did not cbserve 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 bcne 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 marrow also occurs after secondary
immunization with T-independent antigens, we have studied the primary
response to T-independent antigens. intravencus immunization with a
T-independent antigen such as pneumococcus, E.coli bacterium, a-1,6-
dextran, or 2, L-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 ug E.eol? LPS or 100 ug 1,3,5-trinitrophenyl (TNP}-LPS induces
high PFC activity In the marrow. After abolishment of the mitogenic
moiety of LPS, the lipid A component, by detoxification according to
von Eschen and Rudbach (1976}, the residual polysaccharide was no
longer capable of inducing bone marrow antibody formation (Bennar and
Haaijman, 1980). The same result was found for the TNP-detoxified LPS
complex. Thus antibedy formation in the bone marrow after primary
immunization with a T-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 essentiaily the same as that
of their euthymic littermates, the number of PFCs in the marrow of nude
mice is generally 50-70% lower {Benner and van Oudenaren, 1879).

O, Roube of Antigen Administration

Antibody formation is generally most prominent in the lymphoid
organ draining the site of immunization. This rule also helds for anti-
bady formation in bone marrow during the secondary response to T-
dependent antigens. The highest bone marrow PFC responses are observed
with iv or ip bocster injections. At low booster doses a splenectomy
just before the booster injection can almost compietely prevent the
bone marrow PFC response (Benner et al., 1977). Thereby the migration
of antigen-activated memory B ceils from the spleen intc the bhone
marrow 15 prevented. These antigen-activated memory B cells, 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., 1881}).

TABLE 11

Influence of the Route of Booster Immunization on the_Extent of the
Bone Marrow Plaque-Forming Cell Response .

Booster PFCs per bone marrow

Surgery dose of SRBCs I'gM I gG

Sham 5x 106, iv 8,830 45,760
{6,150-12,700) {27,090-56,450)

$x 106, iv 2,340 3,530

{1,570-3,990) {7,380-9,860)

5x 106, sc 860 8,340
{610-1,220) (6,360~-10,940)

Sham $x 4 x 108, iv 29,510 255,400
(26,950-32,310)  (239,410-272,470)

Sham Sx L ox 108, s¢ 8,480 91,030
(5,490-13,090) (82,970-99,870)

Sx 4o 108, v 44,970 298,900
{33,110-61,060)  (232,920-383,590)

5x b ox 100, sc 21,820 36,760

{20,260-23,500) (74,440-125,790)

a. Female (CS57BL x CBA)F1 mice were primed with 107 SRBCs iv and
boosted with either 106 or & x 108 SRBCs 3 months later. The mice
were either splenectomized (Sx) or shemsplenectomized {sham Sx) 3
weeks before the booster immunization. The PFC assay was performed
7 days after the bcoster injection. Values shown are the geometric
mean and 95% confidence limits,
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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 illus-
trated in Table |l for SRBLs as antigen. High iv booster doses of SRBLs
prebably stimulate the lymph nodes so that these organs can replace the
spleen. Subcutaneous (sc) bocster injections alsc lead to bone marrow
antibody formation, both in nonsplenectomized and in splenzctomized
mice, but only with high antigen doses (Table 11}. Thus the antigen must
be present in the peripheral lymphoid organs as well as in the bone
marrow for PFCs to appear in the latter organ.

Whether or not secondary immunization with a T-dependent antigen
will Tead to bone marrow antibody formation is independent of the route
of primary immunization; iv, ip and sc priming are all 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 hone marrow antibody formation by iv priming
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 tymph 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
bene marrow (e.g., complete Freund's adjuvant (CFA) and high doses of
LPS) abolish the ongoing lg synthesis in this organ. This is apparent
from the observation that several days after such a treatment the
presence cf lg-synthesizing cells in the bone marrow can no longer be
revealed with the protein A plague assay. This excessive granulopoiesis
can last for 1-4 weeks, depending on the dose and type of adjuvant
used.

Secondary immunization of mice with heterclogous 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
bocster injection. This is merely due to the adjuvant, since injection
of an equal amount of the same antigen in saline induces bone marrow
antibody formaticn. 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 coler 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 Tmmunization with an antigen emulsified in adjuvant leads
to prolenged 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 crgan 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 (Table [11). The primary response becomes a secondary-type re-
sponse, probably because of the slow release of antigen from the
adjuvant-induced granulioma.

E. Corticosteroid Level

The extent of the immune response is dependent upcon the cortico-
stercid level (Garbielsen and Good, 1867). 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 marrcow (Benner et al., 1978; Benner and van
Oudenaren, 1979). Daily injections of corticosteroid suppress the pri-
mary and secondary anti~SRBC igM, [gG, and IgA PFC response in the
spleen, Bone marrow IgM, IgG, and IgA 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 111

Influence of the Use of Adjuvant on the Number and Organ Distribution
of Antibody-Foerming Cells 3 Months after Primary Immunization with a
Dinitrophenyl-Carrier Complex?®,

PFCs per spleen PFCs per bone marrow

Antigen  Adjuvant IgM IgGh fgM 1gaP
S (1,055%??647) fos. 2ot (2,707.2,306)
DNP-KLH  Alum 3,815 1,569 18,301

(2,512-5,79%) ™3 (581-4,238) (8,200-40,845)
DNP-CGG - 500 n.s. 500 n.s.
ONP-CGG  Alum 2,683 865 23,924

{1,000-7,125) "5 (h24-1,764) (13,851-L41,321)
DNP-CGG  CFA 2,639 5,872 84,692

(2,0b4-3,406) ™50 (2,499-13,799) (71,912-99,744)

a. Female (C57BL x CBA)F1 mice were immunized with 100 ug DNP10-
chicken gamma globulin (DNP-CGG) or DNP200-keyhole limpet hemo-
cyanin (DNP-KLH) ip 3 months previously. The DNP/carrier ratioc is
expressed as the number of DNP groups per protein molecule, The
antigen was administered either dissolved in saline, precipitated
on afum, or emuisified in CFA. Values shown are the geometric mean
and 95% confidence limits.

b. n.s., the number of 1gG PFCs above the number of igM PFCs in the
indirect plaque assay was not significant.

64



* OF ALL C-Ig CELLS

100 —
75
BONE MARROW

50 —
25
o= T ; i T 7 i T

o 5 10 15 2005 1 15 2

WEEK YEAR
AGE

Figure &, PRelative contribution of the bone marrow (solid ¢ircles) and the other (open
circles) lymphoid organs {spleen, mesenteric lymph modes, and Peyer's patches combined)
to the total number of C-lg celis 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 te the thymus-independent antigen LPS is alsc
affected by corticosteroid injection. !n 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 corticostercid 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 aduit mice with LPS or TNP-LPS and secon-
dary immunization with a T-dependent antigen lead, regardless of the
age of the mice used, to antibody formation within the beone 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
IgG 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-1g cells in various lymphoid organs. When this is done for mice of
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various ages, & clear age-related Increase is found in the total
number of €-lg cells in all lymphoid organs. At 8 weeks of age a
plateau is attained, which is maintained until death (Hazijman et al.,
1977). However, organ distribution of C-lg cells changes considerably
during aging, With time, C-lg cells accumulate in the bone marrow
(Fig. 5}, and this holds for C-IgM cells as well as C-1gG and C-1gA
cells (Haaijman et al., 1977). The gradual increase in the importance
of the bone marrow as a site of lg synthesis throughout the life span
probably reflects the gradual adaptation of individual mice to their
antigenic environment. As an individual ages, the mere often antigenic
stimuli from the environment will have been experienced before, and
thus more secondary-type responses will prevail. As outlined in Section
V1, A, such secondary-type responses invoelve the bone marrcw.

ACKNONLE DGMENT

We sincerely thank Mr. T.M., van 0s and Mr. J.G.H. Fengler for
expert phctography, and Mrs. Cary Meijerink and Rita Boucke for typing
the manuscript.

REFERENCES

Askonas, B.A., and White, R.G. (1956). Br. J. Exp. Pathol. 37, 61.
Benner, R., and Haaijman, J.J. {1980). Dev. Comp. lmmuncl. 4, 531,
Benner, R., and van Qudenaren, A. (1975). Cell. Immunol., 19, 167.
Benner, R., and van Oudenaren, A. (1976). Immunology 30, 49.

Benner, R., and van Oudenaren, A. (1979). Celi. Ilmmunol. 48, 267.

Benrer, R., Meima, F., van der Meulen, G.M., and van Ewijk, W. {1974).
Immunclogy 27, 747.

Benner, R., van Oudenaren, A., and de Ruiter, H. (1377). Cell. lmmuncl.
34, 125,

Benner, R., van Dongen, J.J., and van Cudenaren, A. (1978). Cell.
Immunot. &1, 52.

Benner, R., Rijnbeek, A.-M., Bernabé, R.R., Martinez~Alonso, C., and
Coutinho, A. (1981). immunobiol. 158, 225,

Blankwater, M.~J. (1978). Ph.D. Thesis, University of Utrecht, The
Netherlands.

Chervenick, P.A., Boggs, D.R., Marsh, J.C., Cartwright, G.E., and
Wintrobe, M.M. (1968). Am. J. Physiol. 215, 353.

Gabrielsen, A.E., and Good, R.A. (i967). Adv. !mmuncl. &, 91,

Haaijman, J.J., Schuit, H.R.E., and Hijmans, W. (1977}. Immunology
32, 427,

Haaijman, J.J., Slingerland-Teunissen, J., Benner, R., and van
Qudenaren, A. (1979). Immunclogy 26, 271.

Hijmans, W. (1975). tn: 'The Immunclogical Basis of Connective Tissue
Disorders' (L.G. Silvestri, ed.), p. 293. North-Hoiland Publ.
Amsterdam. :

Hi jmans, W., Schuit, H.R.E., and Hulsing=Hesselink, E. {1971). Ann.
N.Y. Acad. Sci. 177, 290.

Hill, s.W. (1976). Immunology 30, 895.



Koch, G., Osmond, D.G., Julius, M.H., and Benner, R, (1981). J.
Immunol. 126, 1447,

Koch, G., Lok, B.D., van Oudenaren, A., and Benner. R. (1882).
J. tmmuncl. 128, in press.

McMillan, R., Longmire, R.L., Yelenosky, R., Lang, J.E., Heath, V.,
and Craddock, C.G. (1972). J. Immunoi. 109, 1386.

Rozing, J., Brons, N.H.C., and Benner, R. {1978). Immunclogy 34, 909.

Schofield, R., and Cole, L. (1968). Br. J. Haematol. 14, 131,

Smith, L.H., and Clayton, M.L. {1970). Exp. Hematol. 20, 82,

Turesson, |. {1976). Acta Med. Scand. 193, 293.

van Dijk, H., Testerink, J., and Noordegraaf, F. {1376). Cell. lmmunol.

25, 8,
von Eschen, K.B., and Rudbach, J.A. (1976}. J. Immunol. 116, 8.

67






AFPENDIX PAPER IT

69






QUANTITATION OF ANFIBODY PRODUCTION IN MOUSE BONE MARROW DURING THE
SECONDARY RESPORSE T'0 SHEEP ERYTHROCYTES

G. Koch, Christine Weerheijm—De Wit and R. Benner

Depariment of Cell Bilology and Genetics, Ervasmus University, Rotterdam,
The Wetherlonds.

SUMMARY

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 cells,
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
plague-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 splean. Beyond day 6 the produc-
tion per cell increased in both spleen and bone marrow, indicating a
further maturation of the PFC.

NTRODUCTION

After primary immunization of mice with thymus-dependent (7D)
antigens such as sheep erythrocytes, the spleen is the major site of
localization of antibody-producing plaque-forming cells (PFC). The PFC
response in the spleen is maximal on day 4 for IgM and day é for IgG,
while }gA-PFC appear only after relatively high antigen doses and late
in the response (7,24). In 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 preduction 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 te 10 the response of the
bene marrow becomes 3 to 10 times as high as in all other lymphoid or-
gans together. This implies 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 producticn im vitro by spleen and bone marrow cells during
the seccndary response to SRBC. The results show that the antibedy
production per 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.

MATERTALS AND METHQODS

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

Antigen and immmization. SRBC stored in Dulbecce'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 109 SRBC.

The interval between primary and secondary antigen injection was 2-3
months.

Assay for PFC. Cell suspensions were prepared and assayed for IgM- and
1gG-PFC as described previously (7,8).

Quantitation of antibody production. The guantitation of antibody
production by lymphoid cells in vifro was done as described extensively
by van Dijk and Bloksma (23) with some minor medifications. Briefly,
0.5 ml of appropriately diluted lymphoid cells suspensions were mixed
with an egual volume of washed SRBEC (109/m1) in 15 ml tubes. After in-
cubation for 45 min at 37°C, 0.1 ml 1:i16 diluted rabbit antiserum direc~
ted against mouse gl was added. This antiserum was raised as described
previously by Zaalberg et al. (25). The same batch was used in the in
vitro haemolysis assay and the plaque assay. The mixture was incubated
for 15 min at 37°C. Subsequently, 0.5 ml of 1:4 diluted gquinesa pig
serum {Flow batch 44022008) was added as a source of complement and
incubated for another 20 min at 37°C. Finally, 2 ml of PBS was added
whereafter the tubes were cengrifuged for 5 min at 1500 g. The percent-
age of haemolysis was calculated from the extinction of the supernatant
at 540 nm (ESQO)' As a positive control was used the Egyg of superna-
tants from a similar number of SRBC lysed by freshly prepared 0.04%
NHLC1. The data were corrected for the Eghg of mixtures containing SRBC,
complement and rabbit anti mouse 1gG only.

The amount of antibody needed for 50% haemolysis was constant.
Therefore the number of cells secreting this amount of antibody can be
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Figure 1. Scheme of the experimental set-up used to determinae the mean amount of anti-
bodies produced per individual FFC in spleen and bone marrow during the secondary re-
sponse of mice te SRBC,

used as a measure for the antibedy production. This number is called
the lytic concentration (LC50).

Caleulation of the ontibody produciion per PFC. For quantitation of
the antibody production per PFC, cell suspensions of spleen and bone
marrow from individual mice were simultaneously assayed for the number
of PFC per 107 nucleated cells and for the LC50 value. A scheme of the
experimental set up is shown in Fig. 1. Since the antibody productaon
is defined as the number of cells needed for 50% haemolysis (LC50)

the amount of antibody secreted by 107 cells will be 10¥/LC50 The
mean antibody production per PFC can be calculated as 107/LCSO0xPFC.

Calewlation of FFC number and antibody production of the total bone
marrow. Femoral bone marrow was used for preparing bone marrow cell
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 cells of the two femurs with a factor of 7.9,
since 5%Fe distribution studies have shown that 12.6% of the total bons
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 cells from femur, tibia, humerus, rib and
sternum, which indicates that the PFC activity of the femoral bone mar-
row indeed is a reliabie measure for the marrow of the whole animal

{8,9).
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Frgupre 2. HaemelysTn production by graded numbers of spleen and bone marrow cells. Data
are presented of the responses by spleen cells on day & (O) and 6 (1) and by bone mar-
row cells on day 6 (@) and 30 (&) after secondary immunization with 4 x 108 SRBC fw,

RESULTS

Dogse effect curve during the secondary response in spleen and bone
MErron

After primary immunization of mice with SRBC, the IgM-hasmolysin
production in vetro as a function of the number of spleen cells follows
a sigmoid curve. After logarithmic transformation of both parameters
a linear function is cbtained for values between 10 and 80% haemolysis
(23}. We determined whether this also holds for spleen and bone marrow
cells at different intervals after secondary immunization with SRBC,
and for mixtures of IgM and lgG antibodies. This was indeed the case
{(Fig. 2). Furthermore, the slcopes of curves did not vary either with
the source of the haemolysin-producing cells {spleen versus bone mar-
row), the interval between booster injection and testing, or the class
of antibodies tested. In figure 2 the data are shown obtained with
spleen cells on day 4 and &, and with bone marrow cells on day 6 and
30 after booster injection. For the curves found on other days, and for
curves reflecting the [gM-haemolysin production only, simitar 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 deoes not influence the
method used to measure the antibody production per PFC.

Antibody production per PFC in spleen and kone morrow

The PFC respcnse and aptibody production in spleen and bone marvow
of mice boosted with 4 x 10% SRBC were assayed at various intervals
after booster injection according to the scheme shown in figure 1. The
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Plgure 3. Quantitation of antibody production in spleen {upper part) and bone marrow
(Tower part). The number of PFC (hatched columns) and the number of cells needed for
50% haemclysis (open columns) was determined at different days after the booster in-
jection of 4 x 10° SRBC iv. The same batch and the same concentration of anti-|gl was
used in the PFC assay and the hasemolysin production assay. From the mesn numbar 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 5-8 individually tested mice, and the vertical bars the standard error
of the mean.
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Figure 4. Quantitation of the mean antibody production per PFC in spleen (open columns)
and bone marrow {(cross-hatched celumns). The figure summarizes the data of mesn haemo-
Tysin production per PFC for spleen and bone marrow as shown Tn Fig. 3, The verrical
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
gradyally 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 injectiocn
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 & the re-
sponse decreased only slightly. After day 10 the PFC response per 10
nucleated cetls was higher in the bene 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 tc 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 bowne marrow

From the mean antibody production per PFC and the number of PFC
per whele spleen and bone marrow the total antibedy production by
spleen and bone marrow was calculated. The data of Tabie 1 show that
the spleen is the major source of specific serum antibodies during the
first 5 days of the secendary response. However, after day 5 the total
bone marrow is the major producticon 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
antibedies during the second phase of the secondary response to SREC.
This extends our previous data showing that during secondary immune
response of mice 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

Total Antibody Productien in $Spleen and Bone Marrow

Pays after (1gM+1gG) -PFC/organ x10“3 Antibody production/organb
booster

injection spleen bone marrow  spleen bone marrow

3 508(1.1)° 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,h51(1.2) 222(1.1)

6 1,768(1.3) 7hi(1.2) 53{1.3) 268(1.2)

7 671(1.4) 764{1.2) 176{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)

z. Mice were primed with 107 SRBC iv and boosted with & 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 antibocdy producticon per organ was caleculated.

c. Geometric mean + SEM of five to eight mice.
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intervals after secondary immunization.

Calculation of the total antibody production per orgarn shows that
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 BX174 {15) anc
ovalbumin (4,6). Alsc in tissue culture experimerts with cells from
varicus lymphoid organs of rabbits after primary and secoadary immuni-
zation with ovalbumin and type 3 pneumococci it wes shown that the
bone marrow made the major centribution to the overall antibody and
immunoglobulin synthesis (5). Similar in vitro experiments with human
lymphoid tissues indicated that also in man the bone marrow is the
major site of antibedy (19) and immunogliobulin production {18},

in the present study we have used an im vitro haemolysis assay.
and did not study the plaque diameter, because the plaque diameter 's
not only dependent on the amount of antibodies secreted by the PFC, but
also on the affinity of the secreted antibodies {12-14)}. Our method.
however, is not influenced by changes in the avidities of the antibody
molecules, as can bhe concliuded from the fact that throughout the exper-
iments the same slope was found for all titration curves of antibody
production {e.g., Fig. 2). This allows us toc interpret the data in
terms of mean amount of antibodies produced per PFC.

Recently van Dijk and Bloksma (23} reperted 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 response. We found
a similar variation of antibody production per PFC in spieen and bone
marrow during the secondary response to SRBC, As in the primary re-
sponse, the production in bone marrow and spleen was minimal when the
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 bocster injection no antibody production could be demon-
strated in this organ with our haemolysin assay.

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

Maturation of the antibody-producing cells probably causes the
increase of antibedy 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 eariy in the response lymphoblasts and
immature plasma blasts predominate, whereas later on nearty all PFC
have the morphology of mature plasma cells {16,21,22}. During this
maturation the cells develop more rough and smooth endopliasmic 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 <n vitro
stimulation of B cells with lipopolysaccharide the ratio between the
immunoglobulin and protein synthesis increases. Also different igM~
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producing myelomas can have a different lg production per cell. These
myeiomas may represent different maturation stages of the plasma cell
linzage (2}.

in conciusion 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 bone marrow is the major site of antibody pro-
duction during the second phase of the secondary response to SRBC.
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THE MECEANISM OF TEYMUS-DEPENDENT ANTIBODY FORMATION IN BONE MARRQOW

s Kochz, Devnie G. Osmondg, Mehael H. Julius® and Robbert Bennerj
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Department of Anatomy, MeGill University, Montreal, Canada,
Basel Tnstitute for Immwnology, Basel, Switzerland.

SUMMARY

During the primary immune response of mice to Intravenously admi-
nistered thymus~dependent antigens the spleen is the major site of
Tocalization of antibody=producing plague=forming cells (PFC). During
the secondary response, on the other hand, large numbers of PFC not
only appear in the spleen, but alsc in the bone marrow, By inducing B
memory cells with a DNP~carrier complex and activating the DNP-specific
B memory cells with the same hapten conjugated to a heterologous carri-
er, we show in this paper that B memory cells, but not necessarily T
memory cells, 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 Igh-1 locus. From
analysis of the allotype of antibodies produced by PFC in the marrow
of such pairs of parabicnts it appeared that antibody formation in
bone marrow is dependent on the immigration into the marrow of B memory
cells activated in peripheral lymphoid organs. Consistent with such a
migration of activated cells, radioautographic studies in guinea pigs
demonstrated an influx of newiy formed mononuclear cells into the bone
marvow via the blood stream during the first three days after intra-
vascular antigen administraticn.

ITNTRODUCTION

After primary immunization of mice with thymus-dependent antigens
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 occcurs 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 alsc in the bone marrow (2,3). During the first week of the second-
ary response most PFC are localized in the paripheral 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 I1).

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 Tymph nodes not only produce these memory cells (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, spie-
nectomy no longer prevents antibody formation in the bone marrow,

In 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
cells, but not carrier-primed T memory cells, must be present at the
time of the booster injecticn 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.

MATERTALS AND METHODS

Animale. Female (C57BL/RI) x CBA/RijIF1, BALB/c (H-Zd), BAB/14 {H—Zd},
CWB/13(H-2b) and CSW(H-2P) 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 Institut Flir
Biologisch-Medizinische Forschung AG, Flillinsdorf, Switzerland. The
BAB/14 mice were bred at the Basel Institute for Immunology. Male

Hartley guinea pigs were used at 350-450 g body weight, approximately &
weeks of age.

Antigen and tmmntzation. Keyhole 1impet 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 dissoived in phosphate~buffered saline
(PBS; pH 7.2) and desalted on Sephadex G-25. Chicken gamma globulin
(CGG) was prepared by ammonium sulfate precioitation of normal chicken
serum. DNP-KLH and DNP-CGG were prepared according to the method of
Eisen (8). KLH was dinitrophenylated to a level of 6-8 DNP molecules per
102 Delton 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 ug of DNP-
KILH or DNP-CGE adsorbed on alum, uniess stated otherwise. Three months
later the mice received a booster injection of 100 ug DNP-KLH intra-
venously {iv} or 100 ug DNP-CGG adsorbed on alum ip. Some groups of

mice received a supplemental immunization with 10 or 100 pg 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's solution and washed three times in a balanced salt
sclution (BSS) before use. Secondary responses to SRBC were induced by
primary immunization with 16/ SRBC iv and secondary immunization with

2 x 10% SRBC iv, The interval between primary and secondary antigen fin-
jection was 3 months.
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Parabiotic mice. FParabionts 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 scapulse were joined. The skin was
closed with Tinen thread from behind the ears to the femora.

Splenectomy. Splensctomy (Sx) of mice that had tc be parabicsed was

done during the surgery for parabicsis. Splenectomy and sham-splenec-
tomy (ShSx) of non-parabiotic mice was done under Avertin anesthesia

as described previously (2).

Asgay for PFC. Cell suspensions were prepared and assayed for lgM- and
1gG-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 respense in the bone marrow of the whole animal
we multiplied the response by the marrow cells of the two femurs with

z factor of 7.9, since S59Fe-distribution studies have shown that 12.6%
of the total bone marrcw is located in both femurs together {11}. Pre~
viously, no differences could be detected between the PFC activity of
bone marrow cells from femur, tibia, humerus, rib and sternum, which
indicates that the PF( zctivity in various compartments of mouse bone
marrow is about the same (7,12). 1gG-PFC were developed by using a
rabbit antiserum directed to mouse IgG. This antiserum was prepared as
described previcusly by Zaalberg et al. (13). The mouse antiallotype
antisera specific For the Igh-19 and Igh-1b allotype were prepared and
kindly provided by Dr. Miche! Seman at the Laboratory of Immunodifferen-
tiation, University of Paris, France.

Badicautography of irmigrant cells in bone marrow. To provide direct
evidence of a blood-borne migration of cells inte the bones marrow the
method of partial body labelling with 3H-thymidine was used in guineca
pigs, as previcusly described by Osmond and Everett (14,15). Guinea pigs
were given an intracardiac injection of TAB vaccine (0.5 ml; 750 x 10
typhoid organtsms; 500 x 106 paratyphoid A and B organisms) under light
ether anesthesia. At daily intervals from 1 to 5 days thereafter, 3H-
thymidine (1 uCi/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 limb was occluded by an elastic compression
bandage. After allowing 27 min. for the clearance and celluiar incor-
poration of most circulating 3H-thymidine, any residual free 3H-thym!-
dine was diluted by intracardiac injection of 150 mg nonradiocactive
thymidine, approximately 104-ford greater than the original dose of
3H—thymidine. Three min. later the occlusive bandages were reieased,
restering the circulation to the hind limb, and the anesthesia was ter-
minated. This procedures produces an initial labelling of DNA-synthe-
sizing cells in all tissues except those of the occluded hind limb (14},
Guinea pigs were kilied 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 emulsion with a medified MacNeal's stain. Control
experiments, performed at each post-antigen interval, were identical
to the above except for the injection of vaccine suspending fluid
aleone, instead of TAB organisms. Approximately 10,000 nucleated cells
were examined along the entire length of each bone marrow smear. The
number of radicautographic grains overlying individual cells was re~
corded, grouping the labelled cells {<10 grains) intc merphological
categories, as described in Table IV.

RESULTS

Cellular requirements for antibody formation in The bone marrow

From previous studles we know that antibody feormation to T-depend-
ent antigens in the bone marrow only cccurs after multipie injections
of the same antigen (4,5). The phenomenon is dependent upon the pres=
ence of long-Tlived lymphocytes induced by priming which are operation-
ally defined as memory cells. To investigate whether only B memory
cells, only T memory cells, or B as well as T memory cells are required
for the bone marrcow PFC response, we primed B and T cells separately by
means of heterclogous hapten-carrier conjugates. Thus, we comparad the
response to iv administered ONP-KLH of five different groups of mice
(Table 1). Group | 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. B and
T cells of the mice of group Il were neither primed to DNP nor to KLH
before immunizing with DNP-XLH. In the mice of group 11} 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 [V DNP-
specific B memory cells were induced by priming with DNP-CGG, while in
mice of group V DNP-specific B memory cells 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 with KLH was done 5 weeks before immunization with DNP-KLH. In the
groups |-V, the number of TNP-specific PF(C was enumerated in spleen and
bone marrow on day 4 and & after the iv DNP-KLH injection. These inter-
vals were chesen because the PFC response in the spleen is maximal on
day 4, and in bone marrvow between day 6 and 12 (2}. T cell 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 IgG response.

In Table || data are presented from a similar experiment, but here
B cell priming was done with DNP-KLH, and T cell priming with CGG. The
TNP-specific PFC response was elicited by booster inJection with DNP-
CGG. In this experiment all 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 &,
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-specific PFC only appeared in the bone
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TABLE f1

The Influgnce of Hapten and Carrier Priming upon the Anti-TNP PFC Response ta ONP-LGE in the fone Marrow

Group Primary Supple- Anti=TNP PFC/Organ
immoni~  mental Spleen Bone Marrow
zation ;ZTTQ;_ gt 196 1gh 196
| DNP-iLh - day O (1,héﬁz§?uszJ nes.© t1,f«;éz$.977) (ws.f?é%é,na)
1 Pes PBS  day (ug,égifig,m} (1,02%%??6?%7&5,!@9) (1,33.5?3?591] (15_;'@1;2,7“)
itoopBs PBS  gay 10 (q,zgélg?zm (hz.;?éz?is.am <500 tws,igé?‘;;.zsn
TR (66 day 8 (3.??5%?920) s <500 (1,55532?251)
i ees Ces  dey 10 (E,B;é-yé??ss) n.s. <500 (w,sgé?;?sw)
IV DNP-KLH  PBS day & Msgiéétéy,gqe) (ena,ﬁéﬁz,m?.?&s) tz,b%%sves?lm (nezﬁﬁif&ge,zsu)
IV DHP-KLH  FBS day 10 (2,72%-335027) (230?}425??;9,677) (6;62?&72) (zzé?ggéﬁgs,w)
Vo DNP-KLHCee day 8 (1,5%52?1@) (5,5;??%,330) (62523 108) (sw,ggigég,m)
Voo con dey 10 efR (g s cs,ugéfgs.asu) (1, 6858,171)
a- Mice wers primed by ip injection of 100 ug ONP-KLH. Two months later the mice of the groups |11 and ¥

received a supplemental Tp injection of 100 ug CHG. Five weeks later alf mice, except those of group I,
werg boosted with an ip injection of 160 pg DNP-CGG. All antigens were adsorbed on alum. The numbers of
anti-TNP PFC were measured 8 days and 10 days after the booster Injection of DNP-CGE. The mice of

group V were only primed with ONP~KLH. Each group consisted of 5 mice.

. Geometric mean + 1 SEM

significant.

TABLE |

. n.s. means that the number of 1gG-PFC above the number of IgM-PFC in the indirect plaque assay was not

Tre Influence of Hapten and Carrier Priming wpen the Ant7-~THP PFC Response to DNP-KLH in the Bone Marrow

Group Primary Supple- AntT-TNP PFL/0Organ
immuni= mental Spleen Bone Harrow
zation ;_ZTU\;;_ IgM e 1gH l9G
booDER-gEs - day 0 (2,45’75-’329,893) ns. (u,éﬁl}?ﬁss) (79,%2(,:?%29.833)
1 opas PBS oy 4 (3#5?35532:,616) n.s <500 <500
ooees PBS 3y 6 1 05056 220y s (2,085 1452} (3,7?1%?2,&05)
N pss KL day 4 (”52253?27,52“ ns (31151??597} nes.
L KLH - dey & (10,4:?23}2{2,5!;5) n.s- (2.8;612?1823 fes
IV DNP-CGR PSS day (23!?;2&322!752) (9:35&31559,591) m,?ﬁéﬂ?ees) (51 ,uzgigg?usa)
IV DwP-cCG  PBS  day 6 mjgifi?a,em n,u;f;;é%issu.nen th,zngg;,sros) (246, 1080303 sn)
Voo DNP-CEG KLH - dey 4 (83,?2&?%7,920) (1,33‘&??3@5?%3&},251) (i,3§é938,1b9) (85,1%;'1??)2,553)
V. DNP-CBG KLH  day & (22,%2422,6%) (759?%*;518?207.328) (7,325’*53?&13) (zza,ggsiggg,zas)

. Mice were primed by ip injection of 100 pg DMP-CGG emulsified in CFA. Twa months later the mice of the

groups [il and V received a supplemental iv injection of 10 ug KLH. Five weeks later all mice, except the
mice of group |, were hoosted by iv injection af 100 pg DMP-KLH. The numbers of anti-TNP PF(l were measured
4 and b days after the booster injection of DNP-KLH. The mice of group | were only primed with DNP-CGG and
assayed for anti-TNP PFC three months later. Each group consisted of 5 mice.

b, Geometric mean + 1 SEM.

c. n.s, means that the number of |gG-PFC above the number of 1gM-FFC in the indirect plaque assay was not
significant.
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marrow after B cell priming by DNP-KLH. CGG-specific T cell priming 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-CGG only (Table il).

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 antrbody—forming cells tn the bone marrow

The spleen is needed until 4 days after the booster injection of
SRBC for PFC tc 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 initiaticn of the PFC response in the bone marrow we para=-
biosed mice congenic for the lgh=1 focus. This was done 3 months after
priming with 107 SRBC iv. One member of each pair of parabionts was 5x.
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 doss 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, Igh@* and Ighb+—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 111}, confirming our previous results (8). In parabionts consis-
ting of cne splenectomized CWB mouse (lghb) and one CWS mouse [igh3)
B0-90% of the indirect PFC in the bone marrow of the CWB member were of
the igh® allotype (Table I11}. The number of IghP¥=PFC found in the bone
marrow of the parabicsed Sx CWB mouse was not higher than in the marrow
of non-parabiotic Sx CWB control mice. Comparable results were found in
similar experiments with Sx CSW mice parabicsed with non-5x CWB mice,
and with Sx BAB/14 mice (Igh®) parabiosed with normal BALB/c mice {(Igh®}
(Tabte I11). 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 cells into the bone marrow after antigen administration
Radicautography revealed an immigration of cells into guinea pig
bone marrow that was substantially increased after antigenic stimu-
tation (Table IV). In control animals not given antigens, small numbers
of well-labelled cells 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 the hind limb itself by local cir-
culatory occlusion, Such labelled cells were thus derived from DNA-
synthesizing cells that were located originally in extramyeloid tissues
and subsequently migrated into the bone marrow during the next 24 hr.
The number of labelled cells entering the bone marrow at various inter-
vals after control injecticns showed no change with time, and are group-
ed together in Table IV. In contrast, for the first 3 days after intra-

90



TABLE |1

Secondary PFC Response in the Baone Marrow of Parabiotic ig-Congenic Mice Consisting of 1 $x and 1 ShSx member

wice? I gM-PFC 1gh-12Y-pre 1gh=1"%-PFC

'ce 3 SHE% Sx Shix % §hix
W (5x} | - CSW 2,315° 7,180 15,200 35,450 2,560 n.s
parabionts (1,714-3,128) {5,574~9,266) (10,629-21,630) (29,730-42,310) (2,151-3,051)
tue (Sx} and CSW 3,044 9,240 ns. 43,280 3,832 n.s.
controls {2,611-3,550) (6,372-13,412) 137.635-59,765) {3,361-4,378
CSW (Sx} - CwB 5,100 7.395 6,503 n.s, 13,983 34,807
parabionts (3,510-7,628) (5,320-10,310) {4,116-10,274) (5,998-19,258) (27,625-43,826)
CSW (Sx} and CWB L, 463 10,820 5,168 n.s. n.s. 52,875
controls (3,188-6,230) {3,409-12,465) (2,336-9,110) (42,988-65,300)
BAB/14{sx) - BALB/c 1,927 5,220 18,241 31,530 2,116 .5.
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 BALE/c 2,680 8,290 n.s. 71,740 4,358 n.s.

(2,330-3,084) (6,579-10,451) 165,817-78,225) (3,857-4,93%)

oo

o

. The allotype of CSW and BALB/c mice is lgha and of CWB and BAB/1Y mice is Ighb.
. Mice congenic Tor the lgh-1 locus were primed with 107 SRBL. Three months later these mice were primed for

parabiosis and at the same time one of the members was splenectomized {Sx}. Control mice primed with 10
SRBC wgre Sx or ShSx 3 months later. Five days after surgery all mice were boosted by iv injection of

2 x 105 SRBC. Eight days after the booster injection the number of |gh=3*« and (ghP*-PFC were determined
in the bane marrow of all mice.

- Geometric mean + 1 SEM fram five or six mice.
. n.s. means that the number of Igh®* resp. Ighb*-PFC above the number of IgM-FFC [n the indirect plague

assay was not significant.

TABLE 1V

The Influence of Systemic Antigen Administration upon the Migrationm of Eleod-borne Cells into the Bone Marrow

Influx of labeled blood-borne cells in the bone marrow” {per 1,000

Cell type nuclegted cells) at warious days after injection of TAB vaccine:
0 2 3 4 5
days days days days days
Total cells 1.7 + 0.3 7.1 5.8 8.5 2.4 2.6
Small lymphocytes® 0.1+ 0.06 D 0.1 0.3 o 0.2
Large mononuclear cellsd 0.7 # 0.2 1.5 2.4 3.3 0.7 0.8
Immature plasma cells® 0.1 + 0.02 0.6é 0.4 e.7 0.6 0.5
Damaged cellsf 0.8 + 0.2 5.0 z.9 2.2 1.1 1.1

. Lagelled cells { 10 grains) in radicautographs of guinea pig tikTal marrow, 24 hr after 3H-thymidine had

been administered systemically but excluded from hind 1imb tissues by temporary occlusion of the hind 1imb
circutation.

. Mean * 5.E. of control expeériments at 5 intervals after Tnjecting fluid devoid of TAB orgenisms.

. Lymphocytes measuring 8.0 p nuclear diameter.

Including large )ymphoid {transTtional) cells, 8.0 p nuclear diameter, having a leptochrematic nucleus and
high ratio of nucleus to cytoplasm; large basophilic blast-Tike cells, 15=17 y diameter; and manacytold
cells, 13-17 u diameter, with irregular-shaped nucleus and moderate to plentiful amounts of pale-staining
cytoplasm.

. Large cells, 12-15 1 diameter, with sn indented or flattened nucleus, pleatiful mederately basephillc cyta-

plasm and a clear parsnuclear area.

. Well-defined, but structursless ''smudge'’ cells.

vascular injection of TAB vaccine the number of labeiled immigrants in-
creased 3~ to 4-fold. At long post-antigen intervals the influx of
labelled cells returned towards normal values (Takle V).

Morphologically, the lakelled marrow immigrants in control animals

comprised a few small lymphocytes and putative plasmablasts together
with larger proportions of various large mononuclear cells and fragile
cells that appeared as damaged forms in smears, respectively. All
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categories except small lymphocytes were increased after antigen stimu-
lation, as detailed in Table IV.

The radicautographic criteria used ensured that all celis scored
as labelled ( 10 grains) representesd only the actual immigration of
labelled cells and excluded any weak labelling that might resuit from
local reutilization of radiolabelied materials circulating from the
extramyeloid tissues. Although some cells in the initially ocecluded
marrow showed minimal labelling of a few grains per cell, the labelling
incidence dropped rapidiy with increasing grain count tc zero at 10
grains per cell. Separate counts of granulocyte progenitors (myelchlasts,
myelocytes, metamyelocytes), known te 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 Tabelled immigrants often exceeded 30 grains per cell. There was
no difference in the mean labelling Tntensity of labelled immigrants
either between the bone marrow of control (21.3 + 7.5 grains per ceil)
and experimental (22.7 + i.4 grains per cell) series of experiments,
respectively, or at various post-antigen intervals.

Similar labelled cells were detected in the blood. During the sle-
vated post-antigen influx of cells into the marrow {4 days post-TAB;

24 bhr post—3H—thymidine) a count of 1000 mononuciear celis in blood
smears revealed labelling (<10 grains) of 5.3% of the small lymphocytes
and 20.0% of the larger mononuciear cells, together with some highly
labelled damaged "'smudge' cells,

In absclute numbers the labelled immigrants detected in the bone
marrow after antigenic stimulation represented approximately 10,000 to
15,000 cells per cu. mm_of marrow. Being the basis of labeliing with
only a single pulse of “H-thymidine, this figure represents a minimal
estimate of the total influx of cells. The substantial size of this
population indicates that the labelled cells had Tocalized within the
marrow parenchyma, being greatly in excess (1,000-fold} of the number
that could be attributed simply to blood cells in the marrow circula-
tion, which itself accounts for only approximately 5% of the total
marrow volume in the guinea pig tibia (15}). Moreover, the proportions
of labelled cells of various types differed markedly in blood and mar-
row; small lymphocytes comprised approximately 30% of the labelled
cells in the blood, but only ahout 3% of those in the marrow.

Drscusson

The origin of the antibody-producing cells 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. In 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 raview
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 celis that originate from the spleen
{Table 111).
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The migration of cells from the spleen to bone marrow takes place
during the first few days of the secondary respcnse, 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 cells in the periphery rather than <n
situ (Table 111},

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 celis, only T memory cells, or
both B and T memory cells are required. The present study demonstrates
that the presence of B memory cells is the only obligate requirement
{Table | and 11). The T-dependent activation of B memory cells and the
first part of their differentiation into PFC likely occur in peripheral
lymphoid organs. In these organs B-T collabeoration can occur more effi-
cient than in the marrow (6).

Previously, the entry of individual cells into the bone marrow
after antigen stimulation has not been demonstrated directly or charac-
terized morphologically. The present radiocautographic studies in guinea
pigs reveal that certain newly formed celis normally enter the bone
marrow from the blood stream and that this migration is substantially
increased for the first 3 days fcllowing administration 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 ccmplex antigens probably includes a substantial secondary com-
ponent.

Morpholegically, the immigrant cells are diverse, consistent with
the inclusion of immunoglcbulin-secreting plasmablasts, activated lym-
phoblasts, and other cells. {n contrast, although labelled newly formed
small lymphocytes are present in the blood, very few of these cells
enter the marrow. Marrow immigrants in coentrol and antigen-stimulated
animals, although differing in numbers, show a similar range of morphol-
ogy as well as comparable cell kinetics, Judged by their 3H-thymidine
labelling intensity. The immigration in control animals may reflect a
flow of ceils activated in peripheral lymphoid tissues by continuous
exposure to environmental antigens. |t is also not excluded that some
marrow immigrants may have non-immunolegic haemopoietic potentials In
the marrow.

The cells demonstrated radiocautographically to enter the bone mar-
row after antigenic stimulation are derived from cells 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 injecticn (7). The long-
lasting maintenance of the PFC response in the bone marrow cannot be
explained by a continuous influx of antibody-forming cells from the
periphery. This can be concluded from our previous experiments showing
that in the case of parabicsis of mice with an ongoing antibocdy-forming
cell respense and non-immunized mice or recently primed mice, only
minor numbers of PFC couid be found in the bone marrow of the latter
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(16). This raises the intriguing question whether the immigrant cells
can still proliferate in the bone marrow. If the Immigrant cells cannot
continue to proliferate in the bone marrow, then the normal, long-
lzsting maintenance of the PFC response can only be explained by a

long 1ifetime of the PFC in the bone marrow. Evidence for a long life
span of at least a part of the plasma cells in the bone marrow as com=
pared to plasma cells in the spleen has been presented by Tyler and
Everett {17).

B cell priming with DNP-carrier cecnjugate greatly enhanced the
TNP-specific |gG-PFC response in the bone marrow after a booster injec-
tion of DNP conjugated to a heterologous carrier (Tables | and 11}. In
contrast, pre-Tmmunization with the homologous carrier protein only did
not facilitate the antibody formation in the bone marrow. This latter
result shows that the occurrence of T memeory cells only is not suffi-
cient. We did not always 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 te get coptimal antibody formation in the
bone marrow could have masked such a helper effect. This aspect is suk-
ject for further studies.

When the mice were primed with DNP-KLH and boosted with DNP-CGG,
additiconal immunization with CGG caused a clear suppression of the anti-
TNP PFC responze in spleen and bone marrow. Similar data concerning
antibody formation in the splesen have been reported by others (18,19).
Whether this suppression is carrvier specific or hapten specific remains
to be established. Evidence for both possibilities have bean 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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DIFFERENTTAL REQUIREMENT FOR B MEMORY AND T MEMORY CELLS IN ADOPTIVE
ANTIBODY FORMATION IN MOUSE BONE MARROW

G. Xoch and K. Bewner

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

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 cells at the moment of secondary immunization.
We investigated whether hapten-primed B memory, carrier-primed T memory
or both B memory and T memory cells are required for the adoptive PFC
response in the bone marrow to T-dependent hapten-carrier conjugates.
Adoptive antibody formation in the bore marrow was found after transfer
of hapten-primed spleen cells, but not after transfer of carrier-primed
spleen cells or virgin spleen ceils. Thus, 8 memory cells are cohligato-
ry for adoptive antibody formation in the bone marrow, in contrast to T
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 plague-forming
cells (PFC) in the bone marrow (Benner, Meima, van der Meulen & van
Muiswinkel, 1974b). During 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 all other lymphoid organs together.

During the life span the number of immunoglobulin (lg)-secreting
cells in the bone marrow increases encrmously (Benner, 1981). This
raises questions about the mechanism underiying antibody formation in
the bone marrow, and about the regulation of the distribution of anti-
body-forming cells over the various Tymphoid organs.

Several experiments with mice have revealed a coincidence between
the occurrence of B and T memory cells and the capacity of bone marrow
antibcdy formation in response to the antigen used for priming {Benner,
Meima & van der Meulen, 1974a). However, there is only little informa-
tion as to whether the presence of both B and T memory cells, only B
memory cells or only T memory cells is reguired. 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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MATERTALS AND METHODS

Mice. Female {C57BL/Ri] x CBA/Ri})F1 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 tmmmization. Keyhole limpet hemocyanin (KLH) was dinitro-
phenylated to a level of 6-8 DNP molecules per 105 Daiton units, and
chicken gamma globulin (CGG) to a level of 8-10 DNP molecules per pro-
tein molecule as described previously {(Koch, Osmond, Julius & Benner,
1981}. SRBC from a single donor were used. They were stored in
Alsever's solution and washed threes times in a balanced salt solution
(BSS) before use.

Donor mice were primed by an intraperitoneal (ip) injection of
100 pg 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 were prepared in a
balanced salt solution (BSS) as described previousiy (Benner et al.,

1974b) .

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

Selective depletion of T lymphocytes. Monoclonal mouse anti-Thy-1.2
(from clone F7D5) was purchased from Olac 1976 Ltd. For the cytotoxic
depleticn of T cells § x 107 spleen cells/m] were incubated for 30 min
at 4OC 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 cells were resuspended in 10 ul undiiuted guinea-pig com-
pilement 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 lymphooytes. The method described by Julius,
Simpson & Herzenberg {1973) was used for the depletion of B lymphocytes,
with one minor modification. The nylon wool columns (Fenwocol Laborato-
ries, Merton, Gevel, 111) were prewashed with BSS supplemented with 5%
bovine serum albumin (BSA} instead of fetal calf serum. Approximately
90-95% of the recovered spleen celis were T lymphocytes as shown by
indirect membrane fluorescence staining.

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

Cell tronsfer. Recipient mice were iv injected with the appropriate
cell suspensions together with antigen within 4 hr after irradiation.
They were immunized with 100 ug of the relevant hapten-carrier conju-
gate without adjuvant.
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4esay for plagque Fforming cells (FFC). Cell suspensions were prepared
and assayed for lgM and IgG anti-TNP PFC as described previously (Koch
et al., 1981}. CGG was coupled to SRBC by the Crliz method (Gold &
Fudenberg, 1967). For the calculation of the PFC résponse in the bone
marrow of the whole animal we multiplied the response by the marrow
cells of the two femurs with a factor of 7.9 (Benner, van Qudenaren

& Koch, 1981).

RESULTS

Antibody Formation in spleen and bone marrow after transfer of graded
numbers of primed B and primed T cells.

The contribution of B memory and T memory cells to antibody forma-
tion in the bone marrow was investigated by means of adoptive transfer
of spleen cells to irradiated syngeneic mice, and heterologous hapten-
carrier conjugates as antigen. To determine the optimal dose of carrier-
primed spleen cells for the adoptive PFC response in spleen and bone
marrow, we transferred graded numbers of KLH-primed spieen cells to-
gether with unprimed spleen cells, 4 x 107 DNP-CGG-primed spleen gells
and 100 pg DNP-KLH. A1l recipient mice received in total 1.4 x 10
spleen cells. The number of KLH-reactive T cells had no influence on
the number of IgM- and igG-preducing PFC in the spleen (Fig. 1, left).
In contrast, the bone marrow PFC response increased with increasing
number of KLH-primed cells transferred. When the logarithm of the num-
ber of anti-TNP PFC Tn the bone marrow was plotted against the logarithm
of the number of KLH-primed cells transferred, a linear relaticnship
was observed, The same result was observed, when nylon weol-enriched
KiH-primed T cells were transferred (dats not shown).

in a comparable approach we investigated the relationship between
the number of DNP-primed B cells and the adoptive anti~TNP PFC response
in spleen and bone marrow.

The requivement for B memory and T memory cells in odoptive cniitbody
Formation in bone marvow.

The requirement for B memory and T memory cells in the adoptive
bone marrow PFC response to DNP-KLH was 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 was used to
measure the primary adoptive PFC response to DNP-KLH. Mice of group 2
received KbH-primed spleen cells as a source of KlH-reactive T memory
cells along with spleen cells of unprimed mice. Mice of group 3 were
given spleen cells from donor mice immunized with DNP-CGG as a source
of DNP-reactive B memory cells together with unprimed spleen cells.
Both, DNP-primed spleen cells and KLH-primed spleen cells were trans-
ferred to the recipient mice of group 4. All recipient mice received
OMP-KLH together with the transferred cells. Transfer of DNP-reactive
B memory cells greatly facilitated the anti-TNP PFC response in the
bone marrow. in the spleen an enhancement was found as well, but espe-
cially of the IgG-PFC response (data not shown). Carrier-reactive T
memory cells could enhance the bone marrow PFC response, provided they
were transferred together with DNP-primed spleen cells. No PFC response
was Tound in the bone marrow after transfer of carrier-reactive T
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Figure 1. Adoptive PFC response in spleen (open symbols) and bene marrow (closed sym-
bols} to 100 ug DNP-KLH. Irradiated syngeneic¢ recipient mice were réconstituted with
graded numbers of KLH-primed spleen cells and & x 107 DNP~CGG-primed spleen cells
{left) or graded numbers of ONP-CGG-primed spleen cells together with & x 107 KLH-
primed spleen cells {right). Spleen cells of non-immune mice were added to the
transferrad primad cells so that svery recipient received 1.4 x 108 cells. The number
of IgM- (A,&) and |gG-producing (Q,@8) anti-TNP PFC were 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 number of PFC 1s
indicated by the number between brackets.
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Figure 2. Influence of B memory and T memory cells upon the adoptive PFC response tn

100 pg ONP-KLM. Irradiated mice were reconstituted with 4 x 107 spleen cells from non-
immune mice and/or from mice immunized as indicated, so that each recipient received
8 x 104 spleen cells. The number of Igh- (&) and lgG-producing (@) anti-TNP PFC
were enumerated in the bone marrow at 7, 11, and 15 days after cell transfer. Fach
point represents the geometric mean of § mice + 1 SEM,
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TRELE 1

B 2
Roquiremert For B and T Memory Cells in Adaptive Antisody Farmaticn in the Bone Marrow to DHP-KLH

sriming of donor mice anti~TNP PFL/organ
Groug PFC assay Spleen Bone marrow
TTealts 8 cells on day B 96 TaP. [E
1 anprimed DNP-CGG 35,3012 1,85%,232 L,287 13,987
a Thy-1.2 = & 127,352-45,609)  (1,383,17%-2,157,856) 13.837-4.785)  [11,408-17,150)
3 KLE ONP-LGE 43,417 1.382,250 1,856 22,613
s Thy-i.2 + € L 136,309-47.24%)  (1,233,625-1,542,525) (1,310-2,633)  (20,802-24,583%)
i
3 unprined CNP-LGE 38,977 31.335,886 528 ECIYLTS
B5S + (31,856-50,165).  (2,B82,932-3.560,007) (623-1170] (36,3995~-54,152)
4 oy BNP-CGE 11,175 131,522 539 ns.©
o Toy=1.2 + C (8,837-14,1311 (112, 173-154, 207} (52%-1,242)
ungrined NP -C56 6,668 262,306 B 4,761
@ Thy-1.2 + € (£.273-7,047) {275,705-283,06Y) i374-781) (73,1€6-38,055]
2 3] DNF-LGO 5,737 137,371 1,029 77,604
@ Thy-1.2 + C {5,646-5,830) (127.367~147 Lag) {786~-1,304) [71,245-54 555}
kY urprimsd ONF-CGS 15 i, 398 196,635 2,120 105,330
E55 = {4, 435-5,569] (17%,617-223,361) (1,821-2,%7)  197,516-113,901)
4 nong ChP-CGG 2,51% 22,265 <510 5,057
w Thy=1.2 + € (2,331-2.665} {20,%11-26,287) (4,503~8,148)

a. Irradiared n

were reconstituted with 2 % 107 anti=Thy=1.2 or b « 137 B33 plus camplement=-treates ONP-CGG-primed spleen
zeldls rogoth

Ten b ok 107 unprimes or KLH-primed spleen celis, AlT reconstituted mice were boostsd with 100 ya SMP-KLH jv.

2. Beomerriz neans aof 5 omige + 1 SEM,

C. mes. neans ihat thr nuaser of 195-PFC asove the mumber of IgM-PFL ir Lhe indirect asssy was not signiflcant.

memory cells along with unprimed spleen celis. Essentialiy the same
results were obtained when the DNP-CGG primed spleen cells were deple-
ted of T cells by treatment with anti-Thy-1.2 serum plus complement
(Table 1).

In Figure 3 data are presented of similar experiments using DNP-
KLH-primed spleen cells together with CGG-primed spleen cells. High
numbers of anti-TNP PFC appeared in the bone marrow provided DNP-reac-
tive B memory cells were transferred. Transfer of CGG-reactive T memory
cells together with unprimed spleen cells was not sufficient for the
appearance of an anti-TNP PF{ 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 cniy in
the bone marrow of recipients which received spleen cells of mice immu-
nized with CGG. Both anti-TNP and anti~CGE PFC were found in the marrow
of irradiated recipients inoculated with DNP-primed B cells as well as
CGG-primed B cells.

T cell 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, while only a marginal PFC response in the spleen was
found. Addition of nylon wool purified primed T cells to the T cell~
depleted spleen cells restored the PFC respense in the bone marrow and
in the spleen. Partial restoration of the marrow PFC response was 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 cells are present on the time of the booster
injections and that B memory cells, but not T memory cells, are crucial
for antibody formation in the bone marrow, Although the T memory cells
are not obligatory, they do enhance the bene marrow response by the B
memory cells.
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Requirement for B

TABLE 2

and T Memory Cells in Adoptive Antibody Formation in the Bone Marrow to srag®

T cells B cells - anti-5RBL PFCforgen
Group aylen waol PFC assay spleen bone marras
purified an day Foi [EH TgH [
| sRac shat TR 1,181, 22,195 £3.661
a Thy-1.2 + ¢ (40,47-102,5956) (1,099,334-1,25%,697}  (29,276-24,235) 157,572-70,391
2 unprimed SRBC 37,100 275,320 3,007 12,476
o Thy-1.2 + C 7 (33,664-10,888) {249,883-303,318} 18,167-9,938] (29,6168-38,372
3 nane SREC 97,971 1,563,355 3.937 23,208
855 + € [66,820-143,608) (1,318,616-1,853,518)  [3,273-4,724) (33.430-36.411)
[ none SRBC 17,893 152 ,B16
@ Thy=1.2 + ¢ (14,043°22,7981  (119,7587170, 313 500 200
1 SRBC SRBC 33,362 Wiy, 476 Z,059 47,657
@ Thy-1.2 + £ 132.110-34,662] (415,949-451,333) (7,931-2,19€) (L4,594-50,930}
2 unprimed SRBL 18,503 152,565 Sh0 27.217
S Thy-l2w € (16,678-20,528) {131,185-177,469) {423-672) {26,113-29,457
3 none SREC 19,244 206 6072 563 46,265
BSS + L {18,412-20,114) (199,532-213,923) {726-1,332) (42,089-50,940
4 nane SRBC z,582 26.201 500 T.04G
: a Thy-1.2 + ¢ {z,341-2,848} {24, 380-28,158) (723-1,467]

2. trradiated mice were reconstituted with 2 x 10

together with
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1.5 % 107 nylon woel=purified SABL-primed or unprimed spleen celis. All reconsrituted
Lo 108 SRBC Tv.

b. geometric mean of 5 mice + § SEM.
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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 spieen cells were given an iv booster injection of
0, 0.07, 1 or 100 ug DNP-KLH. At each booster dose tested a PFC re-
spense was found in the spleesn as well as in the bone marrow. For the
spleen the optimum dose DNP-KLH was found to be 1 pg when tested 7 days
after cell 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 cells. Unprimed B cells do
not give rise to bone marrow-localizing PFC, independent of whether
they are transferred together with carrier-primed T memory cells or
in combination with virgin T celis (Figs. 2 and 3). Apparently, virgin
and memory B cells are basically different with regard to the capacity
to mount a bone marrow PFC response. When B memory cells in the periph-
eral lymphoid crgans are reactivated by the antigen used fer priming,
they can migrate toward the bone marrow via the blood stream and there
further mature into antibody-secreting PFC (Benner et al., 1974b; Koch
et al., 1981). The experiments reported in this paper and elsewhere
(Koch et al., 1381) show that virgin B cells and their direct offspring
do not have this capacity,

TABLE 3

- &
Effzct of the Sooster Dose upen Adoptive Antibody Farmation in the Bone Marcouw

anti=TNF PFC/organ

Booster PFC assay Spleen Bang Marrow
ase ah day lqh EoG igH Tyt
0 2,115° <50 <500 <500
(1,749-2,558)
0.0t 12,702 303,433 <500 4,280
(11,322-14, 250) (287,502-320,427) (3.£70-4,956}
1 7 48,475 752,043 2,673 19,516
(4h,945-52, 282} (695,264-879,653) (2,320-3,093) (18,367~20,737)
100 38,292 765,923 2,358 22,h5k
(32, 445-45,123} (A74,568-357 605} [2,080-2,752) 120, 4hy-24,5862)
a 1,799 <500 <500 <530
(1,395-2,3200
a4.4a1 3,480 118,272 < 500 26,519
{3,550-%,372) (106,672-126,360) (2%,168-27 ,941])
' s 3,380 182,917 881 L3 b4z
(2,540-18,303) (177,328-188,681) [368-1,253} [37,561-50,252}
100 9,776 230,738 1,264 115,582
[8,178-11,564) (260,019-225,269) (780-2,048) [$3,131-154,575)

a. Irradieted syngen=ic recipient mice were reconstituted with b x 107 DAp-CSG-primed and 4 x 107 ALH-primed splesn cz2ll:.
The reconstituted mice were given an iv booster [njection of the indicated dese of DRP-KLA.

b, Geometric means of 5 mice + 1 SEM.
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T memory cells were found to enhance the bone marrow PFC response
by transferred B memory celis in & dose-dependent way {Fig. 1, jeft).

A similar effect was not cbserved for the PFC response in the sbieen.
This suggests that adoptive antibody formation in the bone marrow re-
quires more T cell help than adoptive antibody formation in the spliesen
So far it is unclear whether antibody formaticon to T-dependent antigens
in the bone marrow requires T cell help within the marrow (tseif. The
present data would be compatible with such a supposition, since infused
T cells localize more readily in spieen and lymph nodes than in the
bone marrow {Taub & Lance, 1968).

It is unlikely that T memory ceils and virgin T tls differ gual-
itatively with respect to their capacity to enhance the aoopti»y bone
marrow PFC response by restimulated B memory cells. This view is based
upon adoptive transfer experiments with DNP-CGG-primed lymph node ceils
and DNP-KLH as booster antigen. In these experiments KiH-primed ceils
were unable to improve the bone marrow response (data not shown). This
is probably due to the fact that lymph nodes contain a larger propor-
tion of T cells than splean (Raff, 1971).

In previous studies with intact mice primed and boosted with hste-
rologous T-dependent DNP-carrier conjugates we have aiso observed that
B memory celis are required and sufficient for antibody formation in
the bore marrow {Koch et al., 1981). However, in these studies & poss'-
bile facilitating influence of circulating anti-DNP antibodies and hap-
ten-specific T memory cells induced by the primary immunization could
not be ruled out. The adoptive transfer experimenis reported hare shouw
that specific antibodies are not required for antibody formation in the
bone marrow. Furthermore, passive transter of Ig31 ang 1gB2 anti-DiP
antibodies did not enhance the adoptive PFC response in the bone maricw
of the recipients (data not shown).

The present experiments are also relevant with regard to the pos~
sibility that in intact mice the reguirement for carrier-specific T
memary cells for bone marrow antibody formation was by-passed by using
hapten-specific T memory cells. We tested this possibility by trans-
ferring anti~Thy-1.2 treated DNP-CGG-primed spleen cells together with
normal spleen cells using DNP-KLH as booster antigen. In these experi-
ments we found that DNP-primed B cells together with unprimed T cells
mounted a normal anti=-TNP PFC response in the bone marrow of the recip-
ient mice (Table 1).

The occurrence of antibody formation within the bone marrow in
adoptive transfer experiments is highly dependent upon the number of [
memory cells transferved (Fig. 1). In our previous studies witn hete o~
logous erythrocytes as antigen and transfer of 2 x 107 viable nucleatec
immune spleen cells, we did not find antibody-producing PFC in the
marrow of the recipients {Benrner et al., 1977). However, after transfar
of 4 x 107 immune spleen cells or more, PFC can appear in the bone
marrow, both with heterologous erythrocytes as ancigen {(Table 2}, and
with hapten~carrier complexes {Figs. 1-3). Apparently, a threskold
number of B memery cells has to be present in the znimal before second-
ary immunization can lead tc antibody formation in the bone marrow.
This can also explain why in the present adoptive transfer experiments
the height of the bone marrcw PFC response as compared toc the splenic
PFC response is smaller than in intact mice (c.f. Benner 2z al ., 1374b
The dependence of bone marrow antibody formation on large numbers of &
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memory <=il1s stands in clear contrast to the dependence of the booster
dose of antigen. Low booster doses of antigen, which lead to antibody
formation in the splesen, concomittantly give rise to PFC in the bone
marrow {(Table 3}.

in conclusion, antibody formation in the bone marrow is a reguiar
phencmenon during secondary responses to T-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 of T memory cells, but absclutely dependent upon the
availability of hapten-reactive B memory cells.
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THE CAPACTITY AND MECHANISM OF BONE MARROW ANTIBODY FORMATION BY THYMUS-
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SUMMARY

Primary immunization of mice with certain thymus-independent (TN
antigens (i.e., TNP-LPS and DNP-Ficoll) leads to antibedy formation in
the bone marrow (BM). TNP-Brucella abortus, Prewnococcus preumontas
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 DWNP-Ficoll. The majority of the BM-localizing 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 lipid 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.

INTRODUCTTON

After primary immunization of mice with the thymus-independent (TI)
antigen lipopelysaccharide (LPS) antibody-producing plague-forming
cells {PFC) appear not only in the spleen, but also in the bone marrow
{BM) (1). pata have been presented suggesting that these PFC are not
immigrants from the peripheral lymphcid organs, but have developed from
their precursors in st#u (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 lineage cells 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 te
this hypothesis, abelishment of the lipid A component of LPS should
prevent the ant/-LPS PFC response in the BM. Also, primary immunization



with Tl antigens that have no mitogenic properties should not lead to
the appearance of PFC in the BM. Furthermcre, 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 ability to evoke BM anti-
body formation, (b) different T} antigens with regard to their ability
to evoke antibody formation in the BM, {c¢) the effect of conmjugation
of 1ipid A to the TD antigen sheep erythrocytes (SRBC) upon its ability
to cause a primary anti-SRBC PFC rasponse in the BM, and {d) the effect
of depletion of the population of newly formed B cells upon the PFC
response to TNP-LPS in the BM,

MATERTALS AND METHODS

Mice. Female (C57BL/Ri] x CBA/RIij)F1, C57BL/6J, CBA/J and BALB/c mice
were used. The (C57BL/RiI] x CBA/RIJ)FI 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
TNQ, Rijswijk, The Netherlands; and female CBA/J, C57BL/6J and BALB/c
mice, 8 to 12 weeks of age, were obtained from the Instituc flr
Biologisch-Medizinische Forschung AG, Flllinsdorf, Switzerland.

Antigen ond tmmoitzation. LPS from E.coli 055:B5 {Difco Lazboratories,
Detroit, MI), prepared according to the phenol-sxtraction method, was
conjugated with 2,4,6-trinitrobenzenesuifonic acid (TNBS) essentially

as described by Quintans and Lefkovits (7) with only one minor modifi~
cation. An amount of 100 ug of LPS was dissolved in 10 ml of 2% (w/v)
sodiumcarbonate and 100 ug TNBS was added. After stirring for 16 hours
at 25°C, TNP-1LPS was extensively dialyzed against balanced salt solu-
tion (BSS}). LPS was detoxified by alkaline hydrolysis, carried out by
heating at 56°C in INNaOM during 1 hr (8}. Alkali-treated 1ipid A was

a gift from Dr. €. Galanos from the Max-Planck Institut flr Immuno-
biologie (Freiburg, FRG}. Sensitization of SRBC with lipid A was per~
formed by incubation of a 5% (v/v) suspension of SRBC with lipid A at

a concentration of 50 pug/ml for 30 min at 37°9C., Ficoll, m.w. 400,000
daltons, was purchased from Pharmacia (Uppsala, Sweden). |t was deriva-
tized to N-(2-aminoethyl}carbamylmethyiated Ficoll (AECM-Ficell) accord-
ing to the method described by Inman {3). AECM-Ficoll was conjugated
with dinitrobenzenesuifonic acid as described by Eisen (10). Whole
heat-killed formalinized pneumococci (Prewmococcus preumonice strain

R 36A) was obtained from Dr. C. Berek from the Basel Institute for
immunology. Dextran B512 (a-(1,6}dextran) was kindly provided by Dr. A.
Coutinno from the same Institute. Whole heat-killed Brucella gbortus
bacteria were obtained from Dr. P. van der Heyden from the Central Vet~
erinary Institute, Schiedam, The Netherlands. These bacteria were conju-
gated with TNBS as described by Mond et al. (11). A1l immunizations were
done by i.v. injection in & tail vein, unless stated otherwise.

Preparation of cell suspensions. Cell suspensions of splesn and femoral
bone marrow were prepared in BSS as described previousiy (12).

112



Agsay for PPC. Cell suspensions were assayed for IgM- and [gG-PFC as
described previously (12,13). Target SRBC were conjugated with TNBS as
described by Rittenberg and Pratt (14). SRBC were costed with LPS as
described previously {1). Para-diazonium-phenylphosphorylcholine, kindly
provided by Dr. 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 biood cells {DRBC) were coated with stea-
ryldextran conjugate (kindly provided by Dr. A. Coutinho}. Shortly,

40 mg of a-(1,6}dextran conjugated with stearylchloride were incubated
Tor 60 min at 379C with 0.5 m} packed DRBC 'n 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 Qudenaren et al. {18). PFC activity in the BM of individ-
ual mice was determined in the pocled 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 10% nucleated bone marrow
cells from the data presented, is possible by_taking into account that
one mouse femur contains approximately 2 x 10/ nucleated cells.

Hydrozyurea (HU) treatment. Mice were exposed to HU according to the
schedule devised by Hodgsen 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 deoses in-
stead of one was to allow the proliferating cells not in the S-phase at
the time of the first dose to enter the $-phase and thereby to become
susceptible to killing by the second dose of HU.

Splenectomy. Splenectomy and sham-splenectomy were performed 1 mo
before ITmmunization with TNP=LPS or DNP-Ficoll. Mice were anaesthetized
by an i.p. injection of 0.1 m1/10 g body weight of a 1:40 diluted stock
sclution of Avertin (stock solution: 1 g 2,2,2-tribromoethanol (Merck-
Schuchardt, Minchen, FRG) in 0.5 g 2-methyl-2-butancl)}. 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 was closed In two layers. There was no post-
operative mortality,

RESULTS

Effect of detoxification of LFS upon the bone marrow FFC response to
TWP=-LES

Primary immunization of mice with 100 ug TNP-LPS caused & 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 ability 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 shown). The detoxified LPS used in these
experiments induced only low numbers of igM-secreting PFC in bulk cul-
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Pigure 1. The anti-TNP PFC response in spleen (open columns) and BM {(hatched columns) of
(C57BL x CBAJF1 mice to 100 ug THNP-LPS or TNP-conjugated detoxified LPS (TNP-dLPS). The
numtser of anti-TNP PFC were enumerated 4 and 6 days after immunization. The PFL-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 1

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

lmmunization® PFC assay anti-SRBC PFC/organ
on day spleen bone marrow
SRBC-Tipid A 139,386” 6,837
conjugate (122,413~158,712) (5,742-8.140)
SRBC + 1ipid A 4 76,413 761
(65,837-88,608) (539-1,075)
SRBC 6,302
(4,432-8,979) <00
SRBC-Tipid A 64,354 12,951
conjugate (45,113~91,803) (9,601-17,461)
SRBC + 1ipid A 6 11,152
(9,840-13,483) <200
SRBC 26,520 <500

(16,495-42 ,637)

a. C57BL/Ka=nu/nu mice were i.v. immunized with either 4 x 108 lipid A-
conjugated SRBC, & x 108 SRBC plus 10 ug lipid A or 4 x 108 SRBC only.
The number of IgM- and lgG-producing anti-SRBC PFC were enumerated 4
and 6 days later. The number of [gG-PFC above the number of IgM-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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Figure 2. The number of anti-TNP PFC in spleen {left) and BM (right} after ane imjection
of 1 (O, @, 10 (O,8) or 100 (V,¥F) ug ONP-Ficoll i.v. In nelther group tested a sig-
nificant number of 1gG-PFC was found in the Indirect plaque assay at any time after
immunization. The PFL-assay was done on pooled spleen cells and pocled BM cells. Each
group consisted of five mice. Wherever the number of PFC did not differ significantly
from the vackground level of about 500 PFC per organ this is indicated with an arrow.

tures of spleen cells over the entire dose range of detoxified LPS
tested (1074 to 102 ug/m1). The native LPS, on the other hand, Induced
high numbers of IgM-secreting cells (date not shown). These data con-
firm the original data of Anderson et al. (4). Because detoxification
of LPS by alkaline treatment inactivates the lipid A component (20),
which is responsible for the mitogenic and adjuvant properties of LPS
(4-6), lipid 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 compliexation of the erythrocytes with
purified lipid A. This is apparent from the occurrence of high numbers
of PFC in _the spleen of congenitally athymic nude mice after injection
of k& x 108 spac complexed with 1ipid 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 & x 10° SRBC together with
unbound lipid A or with & x 108 SRBC only. Together, these results sup-
port the view that the mitogenic signal of the lipid A component is
responsible for the antibody formation to TNP~LPS in the BM.

PFC vesponse to DNP-Ficoll, u—{1,8)dextran, Prewmosoccus pneumoniae and
TWE=-Erucella abortus

To investigate whether antibody formation in the BM after primary
immunization with T} 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 Preumccoccus preumontoe bacteria,

115
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Pigure 3. The PFC response to a single i.v. injection of 10 ug of a-{1,6)-dextran in
CBA/J mice {upper part) and 107 pneumeccocci in BALB/c mice (lower part). The numbers of
IgM-preducing anti-dextran and anti~PC PFC were enumerated 4, 5 and 6 days after Tmmu-
nization in spleen {open columns) and 8M {hatched columns}. No significant number of
PFC was found in the BM of any group of mice at any time after Tmmunization. Each
column represents the geemetric mean + 1 SEM of five mice.
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Figurs 4. The anti-TNP PFC response in spleen (Q) and BM (@) of mice immunized with
108, 3.3 = 108, 109, 3.3 x 109 and 10! TNP-conjugated Brucella abortus organisms (TNP~
BA) i.v. Each point represents the number of IgM-producing anti-TNP PFC of pooled splean
or BM celis from five mice at 4 days after immunization, Wherever the number of PFC is
below the walue of the abscissa this is indicated by an arrow.
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and TNP-conjugated Brucella abortus organisms {TNP~BA).

Primary immunization with 1, 10, and 100 pg DNP-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 equalled the PFC number in the spleen. The highest
PFC response in the marrow was observed after immunization with 10 g
DNP-Ficoll. Immunization with doses of 0.1 and 100 ug led to a signifi=
cant PFC response in the spleen only (data not shown). After immuniza-
tion with optimal doses of a-(1,8)dextran {(Fig. 3, upper part), forma-
linized pneumococci (Fig. 3, lower part) or TNP-BA (Fig. &} PFC were
found in the spleen only.

Influence of BU on the PFU response to INP-LPS and DNP-Ficoll in the
bone marrow

Jo investigate whether the PFC that appear in the BM during the
primary response ta TNP-LPS originate from a rapidly renewing B cell
pcol or from the pool of iong-lived B cells, we treated mice with HU.
Treatment of mice with HU inhibits the pre-B and B cell activity result-
ing in a minimal number of mitcgen~reactive B cells in spleen and BM on
day & 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 cells are
back to nermal {21), In Figure 5 (upper part) the effect is shown of
the treatment of mice with HU 6 days before primary immunization with
10 g 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 contrgl
mice.

In contrast to the effect of HU treatment upon the response to
TNP-LFS, ne influence of HU treatment could be found on the response to
DNP-Ficoll, neither in the spleen nor in ths 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-
1iferating B cell pool, whereas the anti-TNP PFC that appear in the BM
after primary immunization with DNP-Ficoll mainly originate from slowly
renewing, long-~lived B cells., Because HU treatment does not affect the
anti-TNP PFC response induced in the spleen by TNP-LPS and DNP-Ficoll,
these PFC probably originate from long-lived B cells.

Effect of splenectomy upon the PFC response to TND~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 pg TNP-LPS or 10 ug DNP-Ficoll i.v.
The number of anti-TNP PFC was enumerated in spleen and B8M 4, 6, 10,
and 21 days after immunization. Splenectomy before immunization with
10 pg TNP-LPS had no influence on the number of anti-TNP PFC that
appeared in the BM on all days tested (Fig. &, upper part). In centrast,
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 HU on the PFC response to TNP-LPS (upper part) and DNP-Ficoll
(lower part}) Tn mouse spleen and BM. Mice were treated with two T.p. injections of HU
or BSS (control) 6 days before immunization. The number of lIgM-producing anti-TNP PFC
in spleen (open columns] and BM {hatched columns} was enumerated 4, 6 and 21 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 yieiding
essentially the same results.

DISCUSSION

After primary immunization of mice with TNP-LPS and DNP-Ficoll,
anti=TNP PFC appeared not only in the spleen, but also in the BM (Figs.
1 and 2}. However, the kinetics of the PFC respenses to both antigens
are basically different. After one injection of LPS or TNP~LPS the BM
PFC response is already substantial by day & (Figs. 1 and 5, lower
part) after immunization, whereas after injection of ONP-Ficoll neo PFC
response is found in the BM before day 5. Furthermore, the BM PFC
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Figure 8. Effect of splenectomy upon the PFC response te TNP-LPS and ONP-Ficall in mouse
BM. Splenactomized {hatched columns) or sham~splenectomized {oper columns) mice ware
immunized with either 10 pg TNP-LPS (upper part) or 10 ug OMP-Ficoll {lower part) 7.v.
The number of IgM-producing anti~THP PFC was enumerated %, 6, 10 and 27 days after
priming. Each column represents the geometric mean + 1 SEM of £ mice. The dats presented
in this figure represent one out of three similar experiments all yielsing essentially
the same results.

response to TLuP-_7S equalled or surpassed the rasponse in the spleen
already cn cday &, wherezs the BM PFC response to DNP-Ficoll does not
surpass the level of the spienic response and attains this level later,
namely arcund day 10. We did not find antibody formation in the BM
after primary {mmunization with optima! doses of formalir zed Fugumo—
cozcus preumoniae bacteria, TNP-BA and o-(1,6)dextran (Figs. 2 and 4).
Previously, Baker et at. (22) reported that ne FFC response could be
detected in the mouse BM after primary immunizzticn with optimal doses
of type 11l pneumococcal pelysaccharide (Sii1)

The appearance of PFC in the BM after primary Immunizat
TNP-L.PS is dependent on 2z rapidly rerewing 8 =e!1 populaticn, as is
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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 antibedy formation to TNP=-LPS in the BM is depend-
ent on local activation of newly formed B cells. These activated B
cells subsequently differentiate and proliferate (23) into PFC in
g1l

The Tocal activation of the B cells by LPS within the BM is depend~
ent on the mitegenic signal provided by the 1ipid A component of LPS
{(Fig. 1). This view is also suggested by experiments in which the TD
antigen SRBC was artificially complexed with lipid A. This complex, in
contrast to native SRBC, behaves as a Tl antigen, and induces specific
antibody Tormation within the BM during the primary response (Table 1}.
The <n eifw induction of antibody formation in the BM is compatible with
our recent observation that B cells 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 slowiy
renewing, long-lived B cell subpopulation. These long-lived B cells are
most likely 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 formaticn 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 corgan. Possibly, 8M
antibedy formation to DNP-Ficoll is similarly dependent on B memory
cells. These B memory cells could weil 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 phenomenen has been
observed after immunization with TD antigens emulsified in complete
Freund'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 due 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-lived or short-lived B celis are acti-
vated by DNP-Ficoll 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 intc two classes (TI-1 and TI-2) according to the
respense they induce in CBA/N mice. These mice are unable to raise an
immune response to Ti-2 antigens such as CNP-Ficoll, levan, dextran,
SIEl, and polyinosinic-polycytidilic acid (26-29). In contrast, CBA/N
spleen cells do respond to TNP-LPS <n vitro and TNP-BA in vive (11,30).
It is thought that TI-Z antigens stimulate the more mature B cells that
express gD, € recentor, Lyb-3 and Lyb-5 surface antigens {31-34), which
predominantly occur in the spleen. TI-1 antigens such as TNP-LPS and
TNP-BA should stimulate, besides the more mature B cells, a population
of less mature B cells that are also present in the BM. Our data show
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that TNP-LPS, which is mitegenic, does induce antibody formation in the
BM, whereas the non-mitogenic (11) TI-1 antigen TNP-BA, does not, Thus,
it is not likely 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 nonmitegenic {35,36) TI-2 antigen, also leads to antibody
formation in the BM. However, because different B cell subsets are in-
volved in the marrow PFC response to TNP-LPS (TI-1} and DNP-Ficell (TI-2)
our results do not contradict the conventional classification of TI
antigens into TI-1 and T1-2. Merely the fact that TNP-BA does not in-
duce antibody formaticen in the bone marrow whereas TNP-LPS does, fur-
ther subdivides the group of TI-1 antigens. Moreover the data presen-
ted argue for the further subdivision of the group of TI-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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ANTTBODY FORMATION IN MOUSE BONE MARROW DURING SECONDARY TYFE RESPONSES
PO THYMUS-INDEPENDENT ANTIGENS

G. Koch, B.D. Lok and E. Benner

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

SUMMARY

The data presented in this paper shows that different thymus-inde-
pendent (T1) 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-LFS, DNP-Ficoll) induces the ap-
pearance of antibody~forming cells not only in the spleen, but alsc in
the bone marrow. A singile injection of certain other Tl antigens {e.g.,
pheumococci {Pn), TNP-conjugated detoxified LPS (TNP-dLPS}, TNP-con-
jugated Brucello abortus bacteria (TNP-BA}), on the other hand, induces
antibody formation in the spleen onlty. 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 faiiure to
induce memory B cells. This data implies that either two subpopulations
of memory B cells exist, cne giving rise to antibody formation in the
spleen and the other accounting for the bone marrow response, or that
antibody can selectively inhibit the seccndary bone marrow antibody
response to certain Tl antigens.

THTRODUCTION

Thymus-dependent (TD)} antigens evcoke 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 cells 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 TD anti-
gens, some thymus-independent (Tl} antigens inducs antibody formation
in the BM already during the primary response. 0f 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 alsc in the BM (4),
while Preumococcus preumoniae bacteria (Pn), TNP-conjugated Brucella
abortus bacteria (TNP-BA}, a~(1,6)dextran (4) and preumococcal type
1l polysaccharide (5 1f1) {5) do not.

The first week of the secondary response to TD antigens s charac-
terized by much higher numbers of antibody-producing plague-forming
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cells (PFC) in the spleen and/or the lymph nodes than in the BM. in
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 TI antigen ONP-Ficoll, 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 egquals or surpasses the response in
the spleen alrsady orn day 6 (&,7).

Since memory 8 cells play a pivotal role in BM antibody formation
te TD antigens, the question arises as to whether Ti antigens, which do
not induce antibody formation in the marrow after primary immunization,
do so after multiple injection of the same antigen. The experiments
vreported in this paper were designed to answer this guestion as well as
to get insight into the role of memory B cells in secondary antibedy
formation to Tl antigens in the BM.

MATERTALS AND METHODS

Mice. Female (C57BL/Rij x CBA/RijIF1 hybrid mice and BALB/c mice, 1h-
20 weeks of age, were used. They were purchased from the Laboratory
Animals Centre of the Erasmus University, Rotterdam, The Netherlands.

Antigen and immmization, Sheep erythrecytes {SRBCL) from a single
donor were used. They were obtained from the Central Veterinary insti-
tute, Schiedam, The Netherlands. Heat kilied Brucella abortus bacteria
(BA) were kindly donated by Dr. P.D. van der Heyden from the same
Institute. BA was conjugated with 2,4,6~trinitrophenylsulfonic acid
(TNBS) 25 described by Mond et al. (8). Lipopolysaccharide (LP3) from
Escherichia coli 055:B5 (Difco Laboratories, Detroit, Michigan, USA),
prepared according tc the phenol extraction methed, was conjugated with
TNBS as described previously (4). LPS was detoxified by alkaline hydro-
lysis according to Neter et al. (3). Ficoll with a molecutar weight of
400,000 daltens was purchased from Pharmacia (Uppsala, Sweden). It was
derivatized tc N-{2-aminoethyl)carbamylmethylated Ficoll (AECM-Ficoll)
and conjugated with dinitrobenzenesulfonic acid as described previously
(k). The Preumoccoccus prneumenige bacterium (Pn) strain, R36A, was ob-
tained from Dr. C. Berek of the Basel Institute for lmmunology (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% fermalin. The fermalinized Pn
were washed three times immediately before immunization.

The mice were primed with either 10 ug TNP-LPS, 10 ug 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. Cell suspensions of spleen and femo-

ral BM were prepared in balanced salt solution (BSS) as described pre-
viously (10).
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Adoptive cell transfer. Recipient mice received 7.5 Gy whole body X-
irradiation (3), and were iv injected with the appropriated cell sus-
pension within 4 hours after irradiation.

dssay for PFC. Cell suspensicns were assayed for IgM- and igG-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 phosphorylcholine(PC)-specific PFC, para-
diazonium-phenylphospheoryicholine, kindly provided by Dr. C. Heusser
of the Base! Institute for Immunology, was coupled to SRBC as described
by Claflin et al. (12).

RESULTS

Capacity of TWP-LPS, DNP-Ficoll, Pn, and TNP-BA to induce bone marrow
antibody formation after secondovy dmmnization

To investigate the capacity of several T! 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 bocsted with optimal doses of TNP-

ANYI-TNP ANT[-TNP
fgM- IgM~
PFC/organ PEC/argan
(1b)
108 104
103 EN
10{2 'IOI":
]
3 3
105 B 10 B
} T T T O T T T
0 5 © 2 ot 5 10
days after injection of TNP-LPS days after injection of TNP- dLPS

Figure 1, Primary and secondary anti-TNP PFC response Tn mouse spleen and bone marrow to
TNP-LPS and TNP-dLPS. Mice injected with 855 {[J,B8) and mice primed by injection of 10 ug
TNP-LPS (O, &) were immunized two months later with either 100 ug TNP-LPS iv (Fig. la)

or 100 wg THNP-dLPS jv (Fig. 1b}. The IgM- and 19G-PFC were enumerated in spleen (O.,00)
and bone marrow (@, M) at various intervals after secondary Injection. A significant num-
ber of 1gG-PFC was 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 {12,000) PFC after
secondary injection of TNP-dLPS. Wherever the number of PFC is below the level of the
abscissa this is indicated by an arrow. Vertical bars represent 1 SEM (n = 5).
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TABLE |

Primary and Secondary PFC Response to DNP-Ficoll
Bone Marrow

in the Spleen and the

Anti-TNP IgM-PFC (x10_3)/organa

PFC assay spleen bone marrow
on day primary secondary primary secondary

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

k 306.7 266, 4 7.2 35.1
(264.9-355.2) (225.7-319.1) {6.0-8.86) (29.8-41.3)

& 154.0 75.5 16.2 28.1
{(135.2-175.5) (62.3-91.6) (13.0-18.2)  (23.7-33.3)

10 18.5 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-i7.2)

a. Mice injected with 835 and mice primed by an iv injection of 10 ug
DNP-Ficoll were immunized with 10 ug DNP-Ficoll iv 2 months after
the primary injection. The number of lgM- and 1g9G-PFC were enumerat-
ed 0, &, 6, 10 and 21 days after the last injection of DNP-Ficoll,
After secondary immunization with DNP-Ficoll significant numbers of
Ig6-PFC were found in the spleen on day 10 (10,400 PFC} and day 21
{16,900 PFC).

b. Geometric mean. In parenthesis + i SEM (n = 5},

LPS, DNP-Ficoll, Pn and TNP-BA,

In mice primed with 10 ug TNP-LPS and boosted with 100 ug THNP-LPS
2 months later, high numbers of anti~TNP IgM-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 IgG-PFC were found on days 6 and 10
after secondary immunizaticn 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 lipid A compenent of LPS, and
can be destroyed by alkaline hydrolysis (9,13). The questicn arises 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 ug TNP-LPS and boosted with 100
Ug TNP-dLPS. Both after primary and secondary immunization with TNP-
dLP$ substantial numbers of anti~TNP PFC were found in the spleen only
(Fig. 1b).

After secondary immunization with DNF-Ficoll, the anti-TNP IgM-PFC
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Figure 2, Primary and secondary anti-TNP PFC response to THP-BA in mouse spleen and bone
marrow. Mice injected with 855 ([O,B) and mice primed with 102 THP-BA iv (O, @) were
boosted by Tv Tnjection of 109 TNP-BA 2 months later. The number of anti-TNP IgM-PFC
{Fig. 2a) and IgG-PFC {Fig. 2b)} were enumerated in spleen (Q,00) and bone marrow (@, ER)
at various intervals after Tnjection of TNP-BA. The persistent primary response was
determined 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 peint, the number
of 1gG~PFC above the number of IgM-PFC in the indirect plague assay was not significant.
Wherever the number of PFC is below 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 numbers of 1gG-PFC appeared in the spleen on day 10 and 21
after the booster injecticn (see footnote Table |). The number of PFC
occurring in the BM after seccndary immunization with DNP~Ficoll was
hardly higher than zfter primary immunization (Table 1}. 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 Tablie I).

The secendary PFC respense to TNP-BA was characterized by an in-
creased number of anti-TNP [gG-PFC in the spleen and by the occurrence
of IgM-and IgG-PFC in the BM (Fig. 2).

In mice primed and boosted with 107 Pn, the anti-PC IgM-PFC re-
sponse was much higher than in mice immunized with Pn once. Low, but
significant, numbers of anti-P{ PFC were found in the bone marrow con
day 4 after secondary immunization only (Fig. 3).

The capacity of TNP-LPS, DNP-Ficoll and TNP-BA to induce hapten~spestific
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TABLE 11
The Influence of Priming with TNP-LP$, DWP-Ficoll and TNP-BA upon the Anti-TNP PFL Response to DNP-KLH

AREi-TNP |gM-FFC {x1077)/argan®

PEC assay
on day Spieen Bone marrow
Priming: nane TNP-LPS ONP-Ficoll TNF-BA none  THNP-LPS DHP=Ficall TNP-BA
g
o - 248 <5.0 <0.5 - 19.7 1.0 <0.5
(2.2-2.9) (h.6-5.3) {18.7-20.7}{10.1=11.9)
4 62.8 4604 217.1 16.5 < 0.5 8.1 5.8 1.0
(55.5-71.2} (43.6-49.3) (186.2-253.3) (15.5-17.6) 16.4~10.2) {7.9-9.7) (0.5-1.%)
3 6,5 9.1 381 5.2 < 0.5 10.7 3.2 b
{6.2-6.8) (B.1-10.4}  (35.2-41.2) (4,7~5.7} {8.7-13.2} (7.0-9.7) {1.1-1.8
o 1.6 3.3 5.2 1.5 <05 18.0 8.4 1.9
(1.4-1.8) {3.2-3.3) (4.9-5.5) (1.4-1.7} (12.2-26.4}) {6.9-10.2) (i.7-2.2
19 1.4 2.6 3.8 i.5 <0.5 1.2 8.1 5.6
(1.2-1,8}  (2,3-3.0) (3.5-4%.0} {1.4-1.6) (7.7-16.2) (7.3-9.0) (3.8-B.1)

3. Mice were primed by an iv injection of either 10 pug TWP-LPS, 10 pg DMP-Ficoll, or 109 TNP-BA. Two months
later all mice, except the mice of the first line, were boosted by an iv irjection ar 100 pg ONP-KLH. The
numbers of bgM- and |gG-PFC were determined at 0, 4, 6, 10 sad 19 days after the booster injection. Signi-
ficant numbers of IgG-PFC wera only found in the spleen of unprimed mice at day 6 {21,800 PFL) and 10
(8,000 PFCY, in the spleen of mice primed with THP-LPS at day 6 (5,700 PFC), in the spleen of mice primad
with ONP-Ficoll at day 10 (5,000 PF(), in the spieen of mice primed with TNP-BA at day & (9,100 PFC), and
in the bone marrow of these latter mice at day & {11,000 PFC), 10 (6,600 PFC), and 19 {5,400 PFC) after the
booster injection of DMP-KLH.

b. Geometric mean. In parentheses + 1 SEM {n = §),

ANTI-PC
[gM-
PFClorgan

108

Lty

=]
]

L Lol

1

6;*
L Ll

O YT o

days after injection

Iw

Figure Z. Primary and secondary anti-PC PFC response to Pn. Mice Injected with BSS

{O0.8) and mice primed with 103 Pn (O,&) were boosted with 102 Pn iv 2 months later.
The number of anti-TNP igM- and 1gG-PFC were enumerated in spleen (Q,0) and bone mar-
row (.8 at various Intervals after injection of Pn. The number of 1gG-PFC above the
number of IgM-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 secendary
immunization. Wherever the number of PFC is below the levei of the abscissa this Ts indi-
cated by an arrow. Vertical bars represent 1 SEM [n = 5}.
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memory B czlls

The BM PFC response to TD antigens is strictly dependent upon the
presence of memory B cells at the moment of the booster immunization
(2). The differential capacity of T1 antigens (e.g., TNP-LPS, DNP-Ficoll
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 (reactivate DNP-
and THP-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 cobtained (Table 1) show that
only priming with DNP=Ficcll can substantially increase the splenic
anti~TNP IgM-PFC respeonse. A significant anti-TNP IgG-PFC response in
the bone marrow only occurred in mice primed with TNP-BA and boosted
with DNP-KLH {see footnote Table I[I},

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. Thus
mice were primed with either 10 pg TNP-LPS, 10 ug DNP-Ficoll, or 10é
TNP-BA. Two months later 10° nucleated spleen cells of primed or non-
primed mice were transferred together with 100 pg DNP-KLH intc irra-
diated syngensic recipients. The number of IgM- and IgG-PFC was assayed
in the spleen at day 7 after cell transfer. Mice which received non-
immune spleen cells showed a substantial IgM- and 1gG-PFC response.

TABLE 111

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 (x1073)/Spleen”

Priming lgM-PgC l9G-PFC
none (33553) (118%133)
TNP-LPS (11;%?61) (12%ﬁ?78)
DNP~Ficell (253?538) (263%£28)
TNP-BA (59§29) (185?;26)

a. Mice were primed with either 10 ug TNP-LPS, 10 ug DNP-Ficoll, or 109
TNP-BA iv. Spleen cells (108) of these mice ware transferred together
with 100 pg DNP-KLH into irradiated syngeneic mice twc months later.
The number of anti-TNP [gM- and {gG-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 sig-
nificantly increased the adoptive IgM-PFC response in the recipients'
spleen. Likewise, spleen cells from mice primed with DNP-Ficell and
TNP-BA gave rise to more IgG-PFC than unprimed spleen cells (Table t!1i}.
Thus TNP-LPS, DNP-Ficoll, and TNP-BA do induce memory B cells.
The capacity of TWP-LPS gnd DNP-Ficoll to activate memory B cells

As stated in the previous section, a possible explanation for the
failure of certain Tl antigens to induce BM antibody fermation after
secondary immunization might be an inability of these T! zntigens to
activate memory B cells., Therefore, we induced DNP-specific memory B
cells by priming with DNP-KLH, and investigated the capacity of TNP~LFS
and DNP-Ficoll to (re}activate the memory B cells induced by this
antigen. After primary immunization with 10 wg TNP-LPS high numbers of
IgM~-PFC, but no significant numbers of [gG-PFC were found in spleen and
BM. Induction of DNP-specific memory B cells by pre-immunization with
DNP-KLH reduced the anti-TNP-LPS igM-PFC response in both spleen and
BM, but facilitated, on the other hand, the appearance of anti-TNP
IgG-PFC in both organs (Table 1V, upper part). Essentially the same
effect of preimmunization with ONP-KLH was found in the response to
DNP-Ficoll (Table IV, lower part). These results show that TNP-LPS and
DNP-Ficoll can activate DNP-specific B memory cells committed to
lgG-synthesis.

DISCUSSION

The results of the experiments presented in this paper, show that
T1 antigens have a differential ability to induce zrtibody formation ia
the BM. This was found for the primary as well as the secondary response.
Both after primary and secondary immunization TNP-LPS induced a PFC
response in the spleen and the bone marrow., These responses are complete-
ly dependent on the mitogenic signal of LPS., This is apparent from the
ThELE 1w

Tho influenee of Prining wilh ONP-H_H s2on the Anci=TN® 2FC Rospon:e e THE-LFD too DuF-Ticol”

Fati=TRE R Ix1072) for

Spteen Bane rarrew
[E [ [ [
priving: now GHF-Fr rone DHP~KL- nens NHF-ELH o [ERHYE
. . ol
TH2-125 : - 9. - < 0.5
[6.6-5.2;
4 92,1 27,8 <5
(263.u-302.00 (80, 0-96. %)
6 i07.3 HE 136.0
(463712751 [17.4-25.7) Neg.z-1dz, 1 |
1% 1350 3.8 1667
ILLE-15.80 (20.2-22.00 L 3-z07.¢) 1
DNP-Fienll 0 - “1.5
y < 6.5 RN
(27.2-02.91
£ <C.5 16,5
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ocbservation that primary or secondary jmmunization with TNP-dLPS does
not lead to substantial TNP-specific antibody formation in the bone
merrow, whereas a lower secondary type spienic response is found with
similar kinetics as compared to the primary response (Fig. 1b).

fn mice primed with TNP-LPS and bcosted with either TNP-LPS or
TNP-dLPS a significant {gG-PFC response was found in the spleen. This
might be due to the generation of only a small number of memory B cells
committed to IgG synthesis after immunization with TNP-LPS. This view
would be supported by the observation that unprimed and TNP-LPS-primed’
doner spleen cells give rise to an equally high adoptive lgG antibody
response to DNP-KLH (Table 111}. Previous results of others alse indi-
cate that spleen cells from mice primed with TNP-LPS do not produce
secondary type adoptive IgG memory responses to DNP-KLH {14},

Primary immunization with TNP-BA induces neither an IgM- nor an
IgG-PFC response in the bone marrow, but does so in the spleen. After
secondary immunization, however, both IgM- and IgG-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-Ficoll the secondary PFC response in the spleen
and the bone marrow is as high as the primary response (Table 1). This
is not due to the failure of DNP-Ficoll to induce memory B cells. This
is apparent from the observation that pre-immunization with DNP-Ficol}
enhances the IgM- and 'gG-PFC response to DNP-KLH (Table HI1). Further-
more, the adoptive lgM~ and IgG-PFC response to DNP-KLH after transfer
of DNP-Ficoll-primed donor spleen cells is enhanced as compared to the
adeptive response by unprimed spleen cells (Table 111),

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

The failure of certain Tl antigens (e.g., TNP-dLPS, DNP-Ficoil,
Pn} to induce substantial secondary BM antibody formation is not due to
their inability to (relactivate memory B cells. This can be concluded
from our observation that the I1gG memory B cells induced during the
primary response to the TD antigen DNP-KLH can be (re)activated by TNP-
LPS and DNP-Ficoll. The activation of these memcry B cells leads to
1gG-responses in both the spleen and the bone marrow (Table IV). Further-
more, the enhanced IgM-PFC responses found in the spleen after secondary
immunization with TNP-LPS and Pn, is indicative for both the induction
and activation of memory B cells committed to IgM synthesis (Figs. 1
and 3). The conclusion, that Tl antigens are able to activate memory B
cells, has alsc been reached by others (15-21).

Pre~immunization with either TNP-LPS or TNP-B8A suppresses the PFC
response to DNP-KLH (Table [1). Similarly, the 1gM-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 111). 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-idiotypic antibodies induced by DNP-Ficoll have been



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 cells
of the same specificity induced by different antigens. This possibility
is suggested by experiments which show that B lymphocytes of a certain
specificity activated by Tl antigens are qualitatively different from
those activated by TD antigens (24-29). In accordance with these data
two distinct lgG memory B cell populations have been described: B2 cells
responsive to TD antigens and T1 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 IN THE MOUSE BODE
MARROW

G. Koeh, B.D. Lok and R. Benner

Dept. of Cell Biology and Genetics, Frasmus University, Rotierdam,
The Netherlands

SUMMARY

The proliferative activity of antibody-forming cells was studied
in the bone marrow of mice Tmmunized 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-
liferating 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 plague-forming cells (PFC) appear
in the bone marrow. The cccurrence of these PFC in the bone marrow is
strictly dependent on the availability of B memory cells. The B memory
cells are activated in the peripheral lymphold organs by the booster
immunization and then emigrate via the blood stream toward the bone
marrow (1), In 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 THNP-LPS is dependent on the local activaticn
of newly formed B cells by the mitogenic moiety of LPS. These activated
B cells then differentiate intc PFC 4n situ (2}. The precursors of PFC
which appear in the bone marrow after primary immunization with DNP-
Ficoll, on the other hand, mainly belong to a slowly renewing, long-
lived B cell population. These B cells most likely 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 TD 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 4n stu. Similarly it Ts un-
clear whether bone marrow antibody fermaticon induced by TNP-LPS is asso-
ciated with a local clonal expansion of the activated B cells. To inves-
tigate the proiliferative activities of the bone marrow antibody-forming
cells 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 cells which
are in the S=phase of the cell cycle.

MATERTALS AND METHODS

Mice. Female {(C57BL/RIj x CBA/RijIF1 mice, 14-20 weesks of age, were
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used. They were purchased from the Laboratory Animais Centre of the
Erasmus University, Rotterdam, The Netherlands.

Antigen and tmmmization. SRBC from a single donor were used. They
were obtained from the Central Veterinary Institute, Schiedam, The
Netherlands. Lipooolysaccharide (LPS) from E.cocli 055:85 (Difco Labora-
tories, Detroit MI, USA), prepared according to the phenol extraction
method, was conjugated with 2,4,6 trinitrobenzenesulfonic acid {TNBS)
as described previously (2). Ficoll with a molecular weight of 400,000
daltons was obtained from Pharmacia (Uppsaia, Sweden). [t was derived
to N-(2-amino-ethyl)carbamylmethylated Ficoll {AECM-Ficoll} 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 10° SRBC. Primary re-
sponses to TNP-LPS and DNP-Ficoll were induced by injection of 10 ug of
the antigen. All immunizations were dene by iv injection in a tail
vein,

Preparation of cell suspensions. Cell suspensions of spleen and femo-
ral bone marrow were prepared in a balanced salt solution as described
previously {L).

Assay for PFC. Cell suspensions were assayed for IgM- and |gG-PFC as
described previously (5). Anti-TNP PFC responses were assayed with
SRBC conjugated with TNBS {6) as targets.

HBydroxyurea treatment. Mice were exposed to hydroxyurea (RU) according
to the schedule devised by Hodgson et al. (7). Mice were given two
intrageritoneal 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 (5h%x) were done
under Avertin anaesthesia as described previously {2,4).

RESULTS

The bone marrow PFC response to an iv booster injection of 2 x 106
SRBC 1s 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 boester injection (8). Thus, splensc-
tomy on day 4 no Tonger 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 HU on different days after the booster injecticn 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 fcund 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 in similar
experiments involving anti-SRBC PFC enumeration on day 10 and day 28
after the booster injection {data not shown).

fn a comparable experimental setup it was investigated whether
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Ploure 1. Influence of hydroxyurea treatment upon the secondary PFC resporse to SRBC in
mouse bone marrow. Open columns represent the geometric mean of the |gM-PFC response,
hatehed cotumns of the 1gG-PFC response. Bars represent 1 SEM. PFC were determined 14
days after the booster injection of 2 x 100 SRBC fv (n = 5).

bone marrow antibody formation induced by primary immunization with TNP-
LPS and DNP-Ficell is alsc associated with proliferation of the relevant
B lineage cells within the bone marrow. In these experiments however,
the mice were not splenectomized. Thus, mice immunized with 10 ug TNP-
LPS ¢or DNP-Ficoll were treated with HU on day 2, & 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 PEC in the bone marrow to 10 and 40% of the value
found in non-treated controls, respectively. No effect on the bhone 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 alt 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 cell count in the marrow (data not shown).

DISCUSSTON

Antibody formation im viveo is largely dependent upcn a clonal
expansion of the antigen-activated B celis, 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-Ficoll. Open

columns represent the geometric mean of the response of the spleen, hatched columns
the response of the bone marrow. Bars represent 1 SEM. PF( 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, enly the antibody formation in the bone marrow tc TNP-LPS has been
shown to be dependent upon a local activation and differentiation of
the antibedy-forming cells (2).

Experiments that deal with the proliferative activity of antibody-
forming cells in the bone marrow are difficult tc design as to the immi-
gration of cells from peripheral lymphoid crgans. Therefore we made use
of the data frem 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 spie-
nectomized mice can be interpreted in terms of proliferative activity
of the relevant cell 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 reducticn of the bone marrow PFC was, in contrast to the HU-
induced decrease of the cellularity 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 formaticn 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 respense induced by injection of DNP-Ficoll is also
mainly caused by immigration into the marrow of B cells activated by
the antigen in peripheral lymphoid crgans (2). After antigenic stimu=-
lation of these cells they probably start to proliferate in the spleen
and continue to preliferate in the marrow (Fig.2).

Antibody formation in the bone marrow to TNP-LPS is caused by a
loczl activation and differentiation of B cells, and is dependent upon
the mitogenic moiety of LPS (2). The differentiation of these activated
B cells is cleariy associated with proliferation, 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
respense. This might be due to a repeated induction of specific B cells
in the spleen by the persisting antigen (13,14), so that at the moment
of testing {day 10) the initial HU-i{nduced decrease of the splenic PFC
response has been compensated for by newly activated B cell clones. The
induction of bone marrow antibody formation, cn the other hand, seems
to be restricted to the first few days after immunization {8), so that
elimination of the preliferating cells in this pericd causes a sustained
depression of the antibody formation in the marrow.
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