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REVIEW

The bone marrow: the major source of serum immunoglobulins,
but still a neglected site of antibody formation

R. BENNER,* W. HIJMANSt & J. J. HAAIJMANt * Department of Cell Biology and
Genetics, Erasmus University, Rotterdam; t Study Group for Medical Gerontology, Department
of Pathology, University Medical Center, Leiden; and r Institute for Experimental Gerontology,

Organization for Health Research TNO, Rijswijk (ZH), The Netherlands

(Accepted for publication 13 February 1981)

SUMMARY

Immunoglobulin (Ig) secreting cells occur in all lymphoid tissues, including the bone
marrow (BM). There are important differences between the various organs with respect to
their number of Ig-secreting cells and the heavy chain isotype distribution of the secreted
Igs. Furthermore, both distribution patterns-depend on age. Early in life most Ig-secreting
cells are localized in spleen and lymph nodes. In adults, however, the majority of all
Ig-secreting cells of the individual are localized in the BM. Immunization can lead to the
appearance of substantial numbers of antibody-forming cells in the BM. The kinetics of
the BM response are different from the response in the peripheral lymphoid tissues.
Shortly after immunization most antibody-forming cells occur in the peripheral lymphoid
tissues, but later on, especially during secondary type responses, most antibody-forming
cells are localized in the BM. Apparently, antibody formation is regulated in such a way
that peripheral lymphoid tissues respond rapidly, but only for a short period, whereas the
BM response starts slowly, but takes care of a long-lasting massive production of
antibodies to antigens which repeatedly challenge the organism.

INTRODUCTION

It is remarkable that the BM has never generally been accepted as a site of antibody formation, in
contrast to spleen, lymph nodes, gut-associated and bronchus-associated lymphoid tissues. This
may be due to the fact that, until recently, the BM of the most popular experimental animal in
immunological research, the mouse, was found to show little or no antibody-producing cells after
immunization. Furthermore, spleen and lymph nodes are relatively easy organs to manipulate, in
contrast to the BM. However, there is now compelling evidence that the BM actually is a major site
ofantibody production in humans as well as in experimental animals. This paper summarizes some
data on antibody production in the BM.

EXPERIMENTS DEMONSTRATING Ig SYNTHESIS BY THE BONE MARROW

For the sake of clarity we must distinguish between experiments which demonstrate the production
of Igs by BM cells, without taking into account the antibody specificity of these molecules, and
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experiments which demonstrate the production of specific antibodies in the BM upon immuniza-
tion. Thus we will arbitrarily speak about Ig and antibody synthesis respectively.

All published studies in which Ig synthesis in the BM was investigated have yielded a positive
answer. Igs are produced and released into the culture medium during short-term cultures of
guinea-pig (Askonas & White, 1956; Askonas, White & Wilkinson, 1965), rabbit (Askonas &
Humphrey, 1958; Thorbecke & Keuning, 1956), monkey (Asofsky & Thorbecke, 1961) and human
(McMillan et al., 1972; Van Furth, Schuit & Hijmans, 1966) BM cells. Wherever the Ig production
by different lymphoid tissues from adult organisms was quantitated, the production was found to be
the largest in the BM, especially when calculated per whole organ (Askonas & White, 1956;
Askonas & Humphrey, 1958; McMillan et al., 1972).

Ig synthesis also takes place in murine BM. The number ofcytoplasmic Ig-positive plasmablasts
and plasma cells (CIg cells) (Haaijman, Schuit & Hijmans, 1977; Haaijman & Hijmans, 1978;
Haaijman et al., 1979) and the number of Ig-secreting cells (Benner et al., 198 la) in this organ is
substantial as compared with the numbers in the other lymphoid organs. The contribution of the
BM to the total of CIg cells is dependent on age. In 4-week-old BALB/c mice, only 17% of all
Ig-secreting cells are localized in the BM. At that age spleen and lymph nodes are the major sites of
Ig production. The absolute and relative contribution of the BM, however, increases enormously
with increasing age. At 8, 14,40 and 100 weeks of age the relative contribution of the BM was found
to be 29, 46,72 and 75% respectively (Fig. 1, left). A similar pattern was observed for CBA/BrA and
C3H/f mice. The autoimmune strain NZB is an exception to the normal distribution pattern. At 4,8
and 14 weeks of age the percentage contribution of the BM is the same as in age-matched BALB/c
mice. However, after 14 weeks of age the percentage contribution of the BM to the total does not
increase any more. This observation raises questions concerning the factors which direct the
occurrence of Ig-secreting cells in the BM. Furthermore, the total number of Ig-secreting cells in
NZB mice was much higher than in age-matched BALB/c mice (Fig. 1), a phenomenon which was
described for a number of autoimmune-prone strains (Theofilopoulos et al., 1980a, 1980b).

The heavy chain isotype distribution of the Ig-secreting cells in normal mouse BM is different
from those in the other lymphoid organs, especially from that in spleen. IgG- and IgA-secreting cells
are relatively frequent in the BM, in contrast to IgM-secreting cells (Haaijman et al., 1979; Benner et
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Fig. 1. Age-related increase of the total number of Ig-secreting cells in BALB/c (left) and NZB (right) mice.
Ig-secreting cells were assayed in spleen, lymph nodes, bone marrow and Peyer's patches by means ofthe protein
A plaque assay (Gronowicz, Coutinho & Melchers, 1976). Hatched areas represent the contribution of the bone
marrow, open areas the contribution of spleen, lymph nodes and Peyer's patches together.
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al., 198 la). The reason for this different distribution pattern is unclear. The V-region repertoire of
the IgM secreted by the BM cells is the same as that of IgM secreted by other lymphoid tissues
(Benner et al., 198 1a). At present no data are available about the V-region repertoire ofthe IgG- and
IgA-secreting cells in mouse BM and other lymphoid tissues.

The localization in the BM of the great majority of all IgG- and IgA-secreting cells of an adult
mouse and their deficiency in germ-free mice (Benner et al., 198 la) suggest that the IgG and IgA
produced are predominantly directed against environmental antigens, which mainly penetrate via
mucous membranes and the respiratory and digestive tract. However, it is not clear to what extent
antibodies of the IgA class produced by cells within the BM contribute to the secretory IgA in the
mouse. In humans the contribution of the BM to the secretory IgA is probably minimal, since the
IgA produced outside the secretory sites is almost exclusively of the monomeric form (Radl et al.,
1974). In mice, BM-derived IgA might be secreted via the bile. Evidence for this pathway has been
presented for rats and rabbits (Orlans et al., 1978; Hall, Gyure & Payne, 1980).

For humans the shift of the majority of CIg cells to the BM as a function of age has been shown
by Vossen (1974). There is a striking correlation between the heavy chain isotype distribution
profile of the CIg cells in the human BM and the levels ofthe various Ig classes and subclasses in the
serum. This has been shown for the following combinations: IgM-IgG-IgA (Hijmans, Schuit &
Hulsing-Hesselink, 1971; Turesson, 1976), IgGl-IgG2-IgG3-IgG4 (Morell et al., 1975), IgAl-
IgA2 (Skvaril & Morell, 1974), monomeric IgA-polymeric IgA (Radl et al., 1974) and IgD versus all
other isotypes together (Van Camp et al., 1978). Furthermore, the K/2 ratio of the CIg cells in the
BM correlated with the percentage distribution ofthe levels ofIg(K) and Ig(A) in the serum (Hijmans
et al., 1971; Turesson, 1976). The CIg cell distribution pattern in the other lymphoid organs,
however, did not fit with the serum levels of the various Ig classes and subclasses. These data
support the view that the human BM is the major source of all classes and subclasses of Igs in the
serum.

EXPERIMENTS DEMONSTRATING ANTIBODY PRODUCTION BY THE
BONE MARROW

Already in 1898, Pfeiffer& Marx reported that extracts ofBM of rabbits which had been immunized
with Vibrio cholerae contained specific antibodies. Almost simultaneously, Deutsch (1899) showed
that immunization of guinea-pigs with typhoid vaccine led to the appearance of anti-typhoid
antibodies in the BM. Although these pioneers did not formally prove that these antibodies were
really produced within the BM, their data were suggestive for this view. Early in this century Ludke
(1912) and Reiter (1913) showed that BM cells from immunized animals release specific antibodies
during in vitro cultivation. But the final proof that the BM actually produces antibodies upon
immunization was given by Thorbecke & Keuning (1953). Subsequent studies on this aspect have
been reviewed recently (Benner & Haaijman, 1980). At present, antibody formation in the BM has
been demonstrated in frog (Eipert et al., 1979), chicken (Jankovic, Isakovic & Petrovic, 1973),
mouse (Benner et al., 1974a; Hill, 1976), rat (Knothe, Herrlinger & Muller-Ruchholtz, 1979), mole
rat (Jankovic & Paunovic, 1973), guinea-pig (Askonas & White, 1956; Askonas et al., 1965), rabbit
(Askonas & Humphrey, 1958; Thorbecke et al., 1962) and man (McMillan, Yelenosky& Longmire,
1976; Vaughan et al., 1976). In mice, antibodies of the IgM, IgG, IgA (Benner et al., 1974a; Hill,
1976) and IgE (Gollapudi & Kind, 1975; Kind & Malloy, 1974) classes are produced by the BM.

Many studies in which the BM was investigated as a site ofantibody formation yielded negative
results. This appears to be especially true for mice immunized with T-dependent antigens
(summarized by Benner & Haaijman, 1980). After primary immunization ofmice with T-dependent
antigens only small numbers of antibody-producing plaque-forming cells (PFC) appear in the BM
(Benner et al., 1974a; Chaperon, Selner & Claman, 1968; Mellbye, 1971). This PFC response in the
BM peaks later than in spleen and lymph nodes, usually at least 2 weeks after immunization. When
the antigen is administered together with adjuvant, PFC in the BM become numerous some months
after immunization (Benner, van Oudenaren & Koch, 1981b).

Secondary immunization of mice with T-dependent antigens without adjuvant induces a high
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Fig. 2. Number of PFC in mouse spleen and bone marrow after two injections of sheep erythrocytes (SRBC).
Mice were primed with 107 SRBC i.v. and boosted with 106 SRBC iv. 2 months later. (o) Spleen and (l) bone
marrow. Where (-) is added to an experimental point it means that the number of IgG- or IgA-PFC above the
level of IgM-PFC was not significant. [Reprinted from Benner et al. (1974b)]

PFC response not only in spleen and lymph nodes, but also in the BM. The first phase of the
response of about I week's duration is characterized by much higher numbers ofPFC in the spleen
and/or lymph nodes than in the BM. After the first week, on the other hand, the PFC response in the
BM is substantially higher than in all other lymphoid organs together. A typical example of such a
secondary response is given in Fig. 2. These characteristic kinetics are independent of the type of
T-dependent antigen and the booster dose, and are found for IgM as well as IgG and IgA antibody
production (Benner et al., 1974b; Hill, 1976). Apparently, antibody formation is regulated in such a
way that peripheral lymphoid tissues can respond rapidly, but show only a short-lasting response,
whereas the BM responds slowly, but takes care of a long-lasting massive production of antibodies
to antigens which repeatedly challenge the organism. The underlying mechanism ofthe long-lasting
response in the bone marrow is unknown. The phenomenon might be due to a continuous
recruitment ofnew PFC as well as to a long lifespan of the individual PFC. It would be of interest to
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compare the mean lifespan ofindividual antibody-forming cells in the various lymphoid organs and
the bone marrow.

For obvious reasons the human being is not normally accessible for studies on antibody
formation in BM. However, some data are available about autoantibody production in various
lymphoid tissues of patients suffering from rheumatoid arthritis and idiopathic thrombocytopenic
purpura (ITP). In rheumatoid arthritis PFC producing rheumatoid factor are much more
numerous in the BM than in the other lymphoid tissues (Vaughan et al., 1976). Also, in chronic ITP
the BM was found to be the major souce of autoantibodies. In this disease the IgG anti-platelet
antibody production in the BM was calculated to be 10-fold greater than that in the other lymphoid
tissues (McMillan et al., 1976).

THE MECHANISM UNDERLYING ANTIBODY FORMATION IN BONE
MARROW

Studies on the mechanism underlying the appearance of antibody-forming cells in the BM have
almost exclusively been done with mice. The key observations directing the experiments in this field
are the weak PFC activity in the BM during the primary response to T-dependent antigens, and the
high PFC response in this organ after secondary immunization with the same antigen (Benner et al.,
1974a; Hill, 1976). Several experiments revealed a coincidence between the occurrence of B and T
memory cells and the capacity to respond to challenge with the relevant antigen with antibody
formation in the BM (Benner & van Oudenaren, 1975; Benner, van Oudenaren & de Ruiter, 1977a).
By priming and boosting of mice with various combinations of different hapten-carrier conjugates
we recently showed that B memory cells, but not necessarily T memory cells, must be present before
booster immunization for PFC to appear in the BM (Koch et al., 198 la).

The origin of PFC which appear in the BM during secondary-type immune responses has been
studied in parabiotic mice consisting ofmembers congenic for the Igh-l locus. From analysis of the
allotype of antibodies produced by PFC in the BM of such pairs of parabionts it appeared that
antibody formation in the BM is dependent on the migration into the BM of B memory cells
reactivated by antigen in peripheral lymphoid organs (Koch et al., 198 la). After arrival in the BM
these blast cells further mature into PFC, and produce large amounts of IgM, IgG and IgA
antibodies (Benner, van Oudenaren & de Ruiter, 1977b; Koch, Weerheijm-de Wit & Benner,
198 lb). This sequence of events is depicted in Fig. 3.

The migration of cells from the spleen into the BM takes place during the first few days of the
secondary response, as can be concluded from experiments with mice splenectomized at different
intervals after the booster injection. These experiments revealed that splenectomy 4 or more days
after the booster injection does not influence the BM PFC response, whereas splenectomy on day 2
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Fig. 3. Schematic representation of the mechanism underlying antibody formation in bone marrow. See text for
explanation. BM = bone marrow; LN = lymph nodes; SPL= spleen; BV = blood vessel.
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can completely prevent BM antibody formation (Benner et al., 1977b). Consistent with such a
migration ofactivated cells, radioautographic studies in guinea-pigs have demonstrated an influx of
newly-formed mononuclear blast cells into the BM via the blood stream during the first 3 days after
intravenous antigen administration (Koch et al., 198 la). It is unclear yet why the blast cells leave the
peripheral lymphoid organs, and what kind of factors are responsible for their accumulation in the
BM.

The above line of evidence shows that antibody formation to T-dependent antigens in the BM,
in contrast to peripheral lymphoid tissues, is dependent upon immigration of antigen-activated B
lineage cells from elsewhere, instead of local induction of antibody formation. The reason probably
is that the BM lacks the appropriate microenvironment and/or quantity or quality of cells (T
lymphocytes? macrophages?) required for the earlier steps of induction of immune responses. This
different constitution of BM and peripheral lymphoid organs might also be responsible for the
long-lasting antibody formation in the BM, possibly due to a lack of feedback suppression of BM
antibody formation.

In contrast to mouse BM, the human BM can display features which are characteristic for
peripheral lymphoid tissues, e.g. the occurrence of follicles with germinal centres (Duhamel, 1968;
Maeda, Hyun & Rebuck, 1977). Therefore, it is still an open question whether antibody formation
in the human BM is similarly dependent upon an influx of antigen-activated B cells from the
periphery as in mice.

Little is known about antibody formation in the BM in response to T-independent antigens. So
far, antibody formation in the BM was investigated only after immunization with lipopolysacchar-
ide and pneumococcal polysaccharide. Lipopolysaccharides and dinitrophenylated polysacchar-
ides induce antibody formation in the BM of frog (Eipert et al., 1979), mouse (Benner & van
Oudenaren, 1976) and rabbit (Landy, Sanderson & Jackson, 1965). This result was found not only
during secondary-type responses, but also during the primary response. Pneumococcal polysac-
charide has been reported to be unable to induce antibody formation in the BM of mice (Baker et
al., 1971). It is unknown whether antibody formation in the BM to T-independent antigens is
similarly dependent upon migration of antigen-activated B cells from peripheral lymphoid organs
into the BM as antibody formation in the BM to T-dependent antigens.

Ig-secreting cells (Haaijman et al., 1979; Benner et al., 1981a) and antibody-producing cells
(Benner, van Oudenaren & Haaijman, 1978; Benner & van Oudenaren, 1979) also occur in the BM
ofathymic nude mice. Just as normal mice, nude mice show an age-related shift ofCIg cells towards
the BM indicating that this shift is not dependent on the presence ofthe thymus. The number ofCIg
cells in the BM of 6- and 40-week-old nude mice is lower than in age-matched heterozygous
littermates. On the other hand, in 2-year-old nude mice they are as high as in heterozygous mice of
the same age, indicating a retarded development of the immunological activity in nude mice
(Haaijman et al., 1979). At all ages, CIg cells in nude mice are almost exclusively of the IgM class.
After transplantation ofthymus tissue under the kidney capsule ofnude mice, the recovery ofCIgG
and CIgA cells in the BM starts later than in spleen (Haaijman et al., 1980). This is compatible with
the observations that for antibody formation in the BM, in contrast to peripheral lymphoid organs,
B memory cells are required (Koch et al., 198 la), and that the formation of B memory cells is
amplified by T cells (Braley-Mullen, 1974).

The gradually increasing importance of the BM as a site of Ig synthesis throughout the lifespan
(Fig. 1) probably reflects the gradual adaptations of the individual to its antigenic environment. As
an individual becomes older, more antigenic stimuli from the environment will have been
experienced and secondary-type responses will prevail. As outlined above, secondary-type
responses to T-dependent antigens involve a quantitatively important antibody production in the
BM.

We most sincerely thank Mr A. van Oudenaren, Dr G. Koch, Ms H. R. E. Schuit and Dr J. Radl for valuable
discussions and important contributions throughout our studies on antibody formation in the bone marrow.
Furthermore, we gratefully acknowledge Professor Dr 0. Vos for his continuous support and interest, and Ms
Cary Meijerink-Clerkx for typing the manuscript.
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