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■ Abstract In vertebrates, serum antibodies are an essential component of innate
and adaptive immunity and immunological memory. They also can contribute sig-
nificantly to immunopathology. Their composition is the result of tightly regulated
differentiation of B lymphocytes into antibody-secreting plasma blasts and plasma
cells. The survival of antibody-secreting cells determines their contribution to the
immune response in which they were generated and to long-lasting immunity, as pro-
vided by stable serum antibody levels. Short-lived plasma blasts and/or plasma cells
secrete antibodies for a reactive immune response. Short-lived plasma blasts can be-
come long-lived plasma cells, probably by competition with preexisting plasma cells
for occupation of a limited number of survival niches in the body, in a process not yet
fully understood. Limitation of the number of long-lived plasma cells allows the im-
mune system to maintain a stable humoral immunological memory over long periods,
to react to new pathogenic challenges, and to adapt the humoral memory in response
to these antigens.

INTRODUCTION

More than a century ago, Behring & Kitasato (1) discovered that a component of
serum, later termed antibodies, can transfer specific immunity to other animals.
Since then, antibodies have been extensively characterized in molecular detail.
The genes encoding them and their exclusive use in B lymphocytes have revealed
the most astounding mechanisms to generate more than a million different an-
tibodies with different specificities and different functions (classes), to increase
the affinity of antibodies by somatic hypermutation, and to ensure that each B
lymphocyte expresses only antibodies of one specificity, by exclusion of alleles
from expression (2). It has become clear that antibodies are involved in innate
and adaptive immunity, contribute to immunopathology, and can be critically in-
volved in the pathogenesis of autoimmune diseases. B lymphocytes use them in
their membrane-bound form as antigen receptors, triggering their activation and

0732-0582/05/0423-0367$14.00 367

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

368 MANZ ET AL.

enabling them to present the antigen efficiently to T helper lymphocytes. Activa-
tion of B lymphocytes can result in their differentiation into antibody-secreting
cells (ASCs), plasma blasts and plasma cells. Despite their relevance for the un-
derstanding of immunity, little is known about these cells, which have often been
regarded as short-lived endstages of B cell differentiation, and of limited relevance.
This view has been challenged recently. Here, we review the current concepts on
the biology of ASCs with respect to their contribution to the maintenance of serum
antibody levels, humoral immunity, and humoral memory.

Serum antibodies are derived from different types of ASCs, reflecting the dual
role of B lymphocytes in both innate and adaptive immunity. ASCs of the B1
lineage express antibodies binding with low affinities to multiple antigens, often
microbial structures shared by a variety of pathogens. These antibodies are usually
of the IgM, IgA, or IgG3 subclass. Prenatal induction of antibody secretion by
B1-derived ASCs, producing “natural antibodies,” also contributes to this “innate”
component of serum antibody levels, which probably is maintained throughout life
(3, 4). The production of natural antibodies can be regarded as a first line of defense
against pathogens, and it also might be involved in the regulation of the respective
immune responses (5, 6). In response to antigen, ASCs also develop from B2
lymphocytes, in a specific humoral immune reaction that peaks at about 1 to 2 weeks
after antigenic insult. Secondary encounter with antigen results in the secretion
of antibodies of increased affinity to the antigen, an increased peak of specific
serum antibody titer, and persistent levels of antibodies in the serum. Following
vaccination or infection, persistent levels of specific antibodies are detectable in
human serum for decades. They are protective, in that they neutralize or eliminate
the pathogen and its toxic products upon reinfection (7, 8). In mice, too, humoral
memory for specific pathogens is persistent (9). Owing to transfer of maternal
antibodies via milk and placenta (6, 10), protective antibodies of adaptive immune
responses of the mother are present already at birth, i.e., before the developing
immune system has encountered the respective pathogens.

After the discovery of antibodies, another 60 years passed before the cells se-
creting the antibodies were identified by A. Fagraeus in rabbit spleen as “plasma
cells,” long known for their prominent cytoplasm and well-developed endoplas-
matic reticulum (as reviewed in 11). In spleen and other secondary lymphoid
organs, ASCs develop from B lymphocytes, either from B1 cells of the marginal
zones, in immune responses against components of microbial cell membranes, or
from follicular B2 cells, which can differentiate either into ASCs or into memory
B cells. The development and biology of B memory cells is described in detail in
this volume by McHeyzer-Williams (11a). Plasma cell differentiation is accompa-
nied by a switch from expression of the membrane-bound form of the antibodies
to expression of the secreted form, and by an enormous increase in production of
antibody molecules per cell. Plasma cells can synthesize and secrete several thou-
sand antibody molecules per second (12, 13). Thus, the antibody levels in serum
and other body fluids can be maintained by a relatively small population of ASCs,
which make up only about 0.1% to 1.0% of the cells of secondary lymphoid organs
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and the bone marrow (14–16). In contrast, the half-life of antibody molecules in
serum is less than 3 weeks (17, 18). Maintenance of specific serum antibody levels
requires continuous secretion of antibodies and thus persistence of ASCs.

ANTIBODY ISOTYPES IN SERUM

Sera of immune competent donors mainly contain antibodies of the IgG, IgA, and
IgM classes (19). IgD and IgE are present in serum at only low concentrations,
together making up less than 1% of total serum immunoglobulin. Maternal and
B1 cell–derived antibodies, generated by various mechanisms, as discussed below,
provide high concentrations of immunoglobulins in serum at birth (Figure 1). When
maternal antibodies decay, antibody levels provided by ASCs of the newborn rise
slowly during infancy and childhood to concentrations which thereafter remain
remarkably stable during adulthood (19), with only small variations until old age.
Serum antibody levels of individuals older than 95 years can show an increase in
IgA, IgG1, and IgG3 (20), leaving it unclear whether this is cause or consequence
of reaching old age.

Serum levels vary considerably for antibodies of the different classes (19).
Making up about 85% of total serum antibody levels in humans, antibodies of the
IgG subclasses are most abundant. This is partly due to their rather long half-life.
IgG can shuttle between serum and endothelium surfaces, where it is bound by
FcRn, protecting it from degradation (21). IgA is estimated to have the highest rate
of biosynthesis, with up to 66 mg/kg of body weight daily, compared with 34 mg of
IgG and 7.9 mg of IgM (22, 23). In serum, however, monomeric IgA accounts for
7%–15% of the serum antibody. Most IgA is secreted as a dimer within mucosal
fluids (24). Roughly 5% of serum antibody is IgM, mainly pentameric (25, 26).

Figure 1 Antibody titers in serum. Levels of IgG, IgA, and IgM increase slowly until
adulthood and remain stable thereafter (19).
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Owing to its low rate of synthesis of 0.4 mg/kg per day and its high susceptibility
to degradation (27), IgD is rare among serum antibodies, contributing only 0.3%.
With an average concentration of less than 0.0003 mg/ml in nonatopic adults, the
concentration of IgE is the lowest of all serum antibody classes, accounting for
0.02% of total serum antibody. This low level is due to the very low synthesis
rate of 0.0016 mg/kg per day, as well as to the short half-life of IgE in serum of
2.5 days (28).

PRENATAL AND NEONATAL SERUM ANTIBODIES

In the serum of newborns, before they have contacted any pathogens, antibod-
ies are already present. IgG levels in fetal serum are comparable to IgG levels
of the mother (19). A fraction of these antibodies is produced by ASCs, which
developed from B1 lymphocytes (29). The antibodies produced by these cells are
often polyreactive and bind with low affinities to multiple antigens (30), including
microbial surfaces, thus providing protection against many common environmen-
tal pathogens. However, because these “innate” antibodies do not bind with high
affinities (30), their protective capacities are limited.

In primates, newborns also have “adaptive” antibodies, transferred to them from
their mothers through the placenta. Owing to the structure of this organ in primates,
maternal blood makes direct contact with the fetal trophoblast, allowing selective
transfer of IgG to the fetus (31). All mammalian newborns are provided with ma-
ternal antibodies by transfer of immunoglobulins via milk (32). In humans and
primates, the principle antibody class contained within the colostrum is IgA; in
most domestic animals it is IgG. The low proteolytic activity in the gastrointesti-
nal tract of newborns and colostral trypsin inhibitors prevent the degradation of
immunoglobulins through the first days of life (33).

For the transfer of antibodies both via milk and via the placenta, the major
histocompatibility complex class I–related molecule FcRn (34) plays an important
role. FcRn-cDNA and -protein have been isolated from human syncytiotrophoblast
(35–37), and FcRn colocalizes with IgG in endosomes of syncytiotrophoblast cells
(38). Endothelial cells pinocytose IgG and probably transfer it to the fetal circu-
lation. Carnivores have an endotheliochorial placenta where the fetal chorionic
epithelium is in contact with the endothelium of the maternal capillaries. In these
species, only 5%–10% of the IgG in the mother’s serum is passed to the serum
of the offspring through the placenta. The syndesmochorial placenta of ruminants
(chorionic epithelium in contact with uterine tissues) and epitheliochorial placenta
of horses and pigs (chorionic epithelium in contact with intact uterine epithelium)
do not allow the passage of antibodies. Newborns of these animals take up anti-
bodies with colostrum only (39). In rodents as well, the transfer of IgG from milk
is quantitatively much more important than that via the placenta (40, 41). Indepen-
dent of the route of transfer, however, newborns are already equipped with maternal
adaptive serum antibodies, representing the humoral memory of the mother, and
their own innate serum antibodies, both at concentrations similar to those of adults.
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PRODUCTION OF SERUM ANTIBODIES

Histologically, cells with prominent endoplasmic reticulum and large cytoplasm
had been termed “plasma cells,” before researchers knew their function. In 1948,
A. Fagraeus reported that the presence of “plasma cells” in rabbit spleen was strictly
correlated to antibody production following immunization. In 1955, Coons and
collaborators demonstrated, by immunofluorescence, the presence of antibodies
inside plasma cells. In 1959, G. Nossal finally provided the evidence that these
cells were indeed secreting the antibodies they expressed (reviewed in 11). Today,
ASCs would be distinguished as “plasma blasts,” the early stages of differentiation
from an activated B cell and still proliferating, and “plasma cells,” the endstage
of differentiation and no longer proliferating. Plasma cells can be short-lived or
long-lived, as discussed below.

SITES OF ANTIBODY SECRETION

Mucosal Immune Responses

After immunization via the gut-associated lymphoid tissue, ASCs are generated
in intestinal and nonintestinal mucosal tissue (42). Most of the antibodies secreted
here are of the IgA isotype. Most IgA dimerizes because the IgA-secreting cells also
express the joining chain protein required for and mediating dimerization. Dimeric
IgA is transcytosed by epithelial cells and transported to their extracorporal surface,
where it serves as a component of mucus and an important first line of defense
against pathogens of the environment (43). The majority of ASCs induced by
immunization with rotavirus, a typical intestinal pathogen, is found in Peyer’s
patches and intestinal lamina propria, whereas fewer ASCs are located in spleen
and bone marrow (44).

A fraction of mucosal IgA plasma cells are descendants of B1 cells, induced
to undergo class switch and plasma cell differentiation locally (45). Others are
derived from B2 cells, activated with help from T cells in Peyer’s patches (46). In
response to activation, these ASCs leave the intestine via the draining mesenteric
lymph nodes, begin to secrete antibodies while circulating through spleen, and
finally relocate to the lamina propria of the gut (47).

Homing of activated B cells and ASCs to the various mucosal sites is a complex
process, controlled by chemoattraction, adhesion receptors, and other signaling re-
ceptors. CCL28, the ligand of CCR10, is expressed in different mucosal sites and
tissues (48). Almost all IgA-secreting cells migrate toward CCL28 (42, 49, 50).
This attraction probably allows IgA-secreting cells to spread IgA-mediated pro-
tection all over the mucosa. Selective attraction of a fraction of IgA plasma cells
to the small intestine is mediated by CCR9 (42). In the mucosa, expression of
CCL25, the ligand of CCR9, is restricted to the crypt epithelium (51) and endothe-
lial cells (52) of the small intestine. CCR9-deficient mice have reduced numbers
of plasma cells in their small intestine and a low IgA response to oral antigens
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(53). The homing of ASCs from mucosal immune responses to mucosal tissue is
further mediated by their expression of mucosa-specific adhesion molecules. In
contrast to ASCs induced by systemic immunization, those induced by mucosal
immunization mainly express α4β7-integrin (54).

Systemic Immune Responses

Antigen entering the body via skin or blood induces an antibody response in sec-
ondary lymphoid tissues such as lymph nodes and spleen (55). Antibody-secreting
cells appear after about three days, and are present for a few more days (56). These
cells are a mixture of plasma blasts and plasma cells and are located in the vicinity
of CD11chigh dendritic cells (DCs) in the extrafollicular foci of the spleen and
medullary cord of lymph nodes. ASCs not associated with these CD11chigh DCs
most likely undergo apoptosis (57).

In immune responses that depend on the help of T lymphocytes for the activation
and differentiation of the B lymphocytes, ASCs can migrate from lymph nodes
and spleen to the bone marrow (58–60). Here, antigen-specific plasma cells can be
detected for many years after immunization (9, 61–63). Bone marrow plasma cells
are selected for the production of antibodies with high affinity (64). Antibodies
secreted by bone marrow plasma cells can be of higher affinity than those expressed
by memory B cells binding to the same antigen (65).

ASCs translocate from secondary lymphoid tissue to bone marrow via the blood-
stream and lymphatics. In sheep, 60 h after secondary immunization a sharp in-
crease in numbers of lymphoblasts is detectable in the efferent lymph of lymph
nodes draining the site of immunization (66). In human blood, the number of
antigen-specific ASCs increases transiently after immunization, with a peak at
6 days after immunization (67). In guinea pig, an influx of mononuclear cells
from blood into the bone marrow has been observed during the first 3 days after
intravascular administration of antigen (68).

Only recently has the molecular basis for migration of ASCs from secondary
lymphoid organs to bone marrow begun to emerge. ASCs express several adhesion
molecules, which could be involved in homing and selective survival in particu-
lar tissues, although so far tissue-specificity has not been demonstrated for any
of the adhesion molecules. Among these adhesion molecules are VLA-4, VLA-5,
CD9, CD44, and CD138 (syndecan-1) (14, 69, 70). However, chemokine receptors
CXCR3 and CXCR4 are involved in the regulation of migration of ASCs from sys-
temic immune responses (60, 71). Unlike B cells, which are attracted by CXCL13,
CCL19, and CCL21 (72), ASCs from murine spleen are attracted by CXCL12, the
ligand for CXCR4 (73). CXCL12 (SDF-1α) is expressed in the red pulp of spleen,
the medullary cords of lymph nodes, and bone marrow stroma. However, only
plasma blasts respond to CXCL12 by migration, whereas plasma cells do not (60).
Plasma cells also express CXCR4, and they respond to CXCL12 by improved sur-
vival (74). Compared with wild-type cells, CXCR4-deficient ASCs are localized
differently in spleen and are about threefold reduced in numbers in bone marrow
(73). Thus, CXCR4 is probably one, but not the only, receptor of ASCs controlling
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their homing into the bone marrow. IgA-secreting cells from mucosal lymphoid
tissues can migrate toward CXCL12, too (42, 49), suggesting that these cells may
have the choice of homing to mucosal tissue or bone marrow. Investigators have yet
to elucidate whether persistent antibody responses of mucosal immune responses
are maintained by ASCs of mucosal tissues or of bone marrow.

Another chemokine receptor expressed by ASCs is CXCR3 (60, 75). CXCL9,
CXCL10, and CXCL11, the ligands for CXCR3, are expressed by cells of inflamed
tissues and also by a subset of high endothelial venule cells, which surround the
B cell follicles in the draining lymph nodes (76). ASCs can readily be detected in
chronically inflamed tissue (77, 78). After immunization of NZB/W mice, antigen-
specific ASCs migrate not only to the bone marrow, but in similar numbers also
to the chronically inflamed kidneys (75, 77). Although the contribution of these
plasma cells to the maintenance of serum antibody levels is less clear, they provide
high local antibody concentrations in the inflamed tissue. In protective immune
responses, this may help to combat the immunizing pathogen at the reactive site. In
autoimmunity and allergy, local antibody secretion may contribute to pathogenesis
of the inflamed organs.

ANTIBODY-SECRETING CELLS OF THE B1 LINEAGE

A fraction of serum antibodies is usually referred to as “natural” antibodies, mainly
IgM, IgA, and IgG3 (3, 79, 80) (Table 1). In mice, these antibodies are secreted
by cells of the B1 lineage, distinct from cells of the B2 lineage by their early
appearance during fetal development, tissue distribution, phenotye, and capacity
of self-renewal (81, 82). The original definition of “natural” antibody invoked the
idea that such antibodies are present before the immune system sees the respective
antigens. This is a controversial definition because of the antibodies’ polyreactivity,
which makes it difficult to determine whether the cells secreting “natural” antibod-
ies are generated in response to antigen, addressing the B cell’s antigen-receptor
(surface antibody), or in response to “mitogenic” signals addressing the B cell’s
pattern recognition receptors for pathogen-associated molecular patterns (PAMP)
(e.g., receptors for lipopolysaccarides, demethylated bacterial DNA, etc.) (83).

TABLE 1 B1 and B2 cell contributions to protective antibody titers

B1 cells B2 cells

Stimulation by Microbial antigens;
autoantigens

Antigen (possible contribution of
polyclonal activation by microbial
agents)

T dependence Mainly T-independent T-independent and T-dependent

Dominant antibody classes IgM; IgA IgG

ASC Short-lived Short-lived and long-lived
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In adult mice, cells of the B1 lineage account for only a few percent of all B
lymphocytes, but they contribute at least 50% of the serum IgM. The features of
natural antibodies and the B1 lineage cells that secrete them, have already been
described and reviewed (see 29, 84, 85). In brief, at least two mechanisms are
discussed that could drive B1 lymphocytes into differentiation into ASCs, stimu-
lation by microbial antigens and/or mitogens of the gut flora and stimulation by
autoantigens. Stimulation of B1 cells in mucosal tissue by microbial antigens of
the gut enhances the production of natural antibody titers (83, 86, 87). The com-
parison of serum antibodies of preimmune mice living in normal versus germ-free
environments suggests that cells secreting natural antibodies specific for bacterial
antigens are generated in response to stimulation with bacteria (87a). Independent
of T cell help, stimulation of B1 lymphocytes by antigens or “mitogens” from the
gut flora leads to the production of IgA by B1 lineage ASCs at mucosal sites (88).
These antibodies do not contribute significantly to serum antibody, but rather to
mucosal antibody levels.

The activation of B1 lymphocytes by autoantigens and their differentiation into
ASCs has been demonstrated recently for mice expressing a transgene for hen
egg lysozyme (HEL) somatically, and a transgenic HEL-specific antibody in their
B cells (89). Intracellular but not membrane-bound or secreted HEL induced the
activation and proliferation of B1 cells in the peritoneal cavity. HEL-specific IgM-
secreting cells were found in the red pulp cords of the spleen, but not in the bone
marrow or lymph nodes. HEL-specific IgM was readily detectable in the sera in
amounts matching the fraction of natural antibodies binding to intracellular self-
antigens in wild-type mice. Such autoreactive antibodies are present in the sera of
most individuals, regardless of whether they suffer from autoimmune disorders.
Although definitive evidence is still lacking that the HEL-specific ASCs in their
double transgenic mice belong to the B1 lineage, the experiment of Ferry and
colleagues (89) shows that natural autoantibodies can be generated by intracellular
autoantigens. This is in line with the presence of natural antibodies in human cord
blood (86, 90) and in germ-free mice (87) and their polyreactive specificities,
including autoantigens, e.g., phosphatidylcholine.

In view of the continuous activation of B1 cells by bacterial antigens, mi-
togens and autoantigens, and the constant levels of serum antibody levels at-
tributed to this chronic stimulation, it seems that ASCs of the B1 lineage are
short-lived and constantly replaced by newly formed plasma blasts and plasma
cells, although the lifetime and terminal differentiation of these cells is still poorly
characterized.

AQUIRED HUMORAL IMMUNITY

After infection or intentional immunization, antigen-specific antibodies of high
affinity can be detected in blood for long periods, up to the lifetime of the individual.
The levels of these serum antibodies are maintained even in the apparent absence of
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the antigen. This “humoral” memory can effectively protect against reinfection (7).
Both mucosal and systemic infections can induce long-lasting humoral immunity,
but antibodies induced by systemic infection persist even longer and in human
serum are present for several decades after their original induction (91).

The induction phase of an immune response against protein antigens lasts a few
days, while large numbers of antigen-specific antibody-secreting plasma blasts
are generated in secondary lymphoid tissues (56, 92). After migration to the bone
marrow and terminal differentiation into plasma cells, these ASCs maintain the
levels of specific serum antibodies, as discussed below. The induction phase can
be extended in case of persisting antigen, and specific antibody levels in serum
may be maintained by the long-lasting immune response itself, while it lasts (93).
Extended formation of specific plasma blasts could result from the continuous
activation of memory B cells by antigen, trapped on follicular DCs, or constantly
generated de novo from proliferating pathogen, as long as it is not eliminated (93,
94). The relative contribution of these mechanisms to the maintenance of serum-
antibody levels is not yet entirely clear. In the absence of chronic immune reactions,
however, maintenance of humoral memory and most of the serum antibodies not
secreted by B1 lineage cells is probably provided by long-lived plasma cells of the
bone marrow (95, 96). Researchers have known for some time that bone marrow
is the principal site of persistent antibody production in an established humoral
memory response (58, 63).

LONG-LIVED PLASMA CELLS

In a secondary immune response of mice to ovalbumin, 60 days after immunization
the formation of proliferating plasma blasts and plasma cells stops, as has been
shown by labeling proliferating cells with Bromo-deoxy-uridine. Accordingly, in
an immune response to phycoerythrin, the specific memory B cells largely cease
to proliferate after several weeks (97).

In the immune response to ovalbumin, a population of long-lived, nonprolif-
erating, antigen-specific plasma cells persists in bone marrow and maintains the
levels of specific serum antibodies. These plasma cells can be transferred and
will continue to secrete antibodies even in antigen-free recipients (92, 96). In this
particular study (96), however, after the initial 6 weeks of analysis, the numbers
of specific, long-lived plasma cells in the bone marrow did not change detectably
until analysis was terminated, i.e., for another 14 weeks, indicating that in an estab-
lished memory phase, long-lived plasma cells of the bone marrow have a half-life
exceeding that of the individual. The half-life of long-lived bone marrow plasma
cells formed in response to lymphocytic choriomeningitis virus has been estimated
to be around 5 months (95). This may underestimate the true half-life because in
those experiments the mice were treated with gamma irradiation or mitomycin C,
probably affecting the survival of plasma cells. The survival of plasma cells in the
bone marrow is not an intrinsic property of the plasma cell. Rather, plasma cell
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survival seems to depend on the ability of the plasma cell to respond to a combina-
tion of signals provided by its environment (74, 98). Survival niches providing such
signals are apparently scattered throughout the bone marrow (99). Their number
seems to be limited because the frequencies of plasma cells in bone marrow are
constant at about 0.5% throughout life and in different species (14, 15, 58). This
constant frequency implies that newly generated plasma blasts, when migrating to
the bone marrow, have to compete with established plasma cells for their survival
niches. Competition for the limited number of plasma cell survival niches in the
bone marrow offers an intriguing explanation for the regulation of serum antibody
levels provided by plasma cells of the B2 lineage (75, 100). The concept would be
even more attractive if survival niches for ASCs in bone marrow were shared or
overlapped with niches for other lymphocytes (101) and hematopoietic stem cells
(102, 103), generating additional levels of regulation.

Although the exact combination of signals making up a plasma cell survival
niche in bone marrow is still not known, several signals have been identified that
prolong survival of bone marrow plasma cells ex vivo. Stromal cells of bone marrow
provide such signals (74, 98, 104) and protect plasma cells from apoptosis (105,
106). The signals identified so far include direct adhesive interactions between
bone marrow reticular stromal cells and plasma cells, as well as the cytokines IL-
6, SDF-1α (CXCL12), and TNF-α. Although the interruption of CXCR4/CXCL12
signaling in CXCR4-deficient mice leads to a threefold reduction of bone marrow
plasma cells (73), an effect hard to attribute to impaired migration of plasma blasts
versus impaired survival of plasma cells, IL-6-deficient mice have normal numbers
of bone marrow plasma cells, showing that in vivo this signal is redundant (74).
VLA-4 may be an important molecular link between stromal cells and plasma cells
(98).

Another survival signal for plasma cells might be Blys/BAFF. Blys-deficient
mice have reduced levels of serum antibodies (107, 108). Plasma cells express
B cell maturation antigen (BCMA), a receptor for Blys. Blys and APRIL, another
ligand of BCMA, prolong survival of ASCs in vitro, in particular in the presence
of IL-6 (109). Blocking Blys in vivo reduces plasma cell numbers in bone marrow
by 65% and increases apoptosis of plasma blasts in spleen about fourfold. Thus, it
remains to be demonstrated whether BCMA signaling is required for the establish-
ment of plasma blasts in the bone marrow or for the continued survival of plasma
cells there.

PLASMA CELL TURNOVER

For mice, researchers have shown that long-lived plasma cells can maintain spe-
cific serum antibody levels for the lifetime of the animals (95, 96). For humans,
researchers still debate whether long-lived plasma cells can survive for a lifetime
or whether they have a defined half-life, which requires their constant replacement,
although at a low rate (Figure 2). Recently it has been proposed that, in the absence
of antigen, polyclonal activation of memory B cells in response to cytokine signals
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Figure 2 Mechanisms leading to maintenance of specific antibody titers following immu-
nization. Prolonged antigenic stimulation can lead to the continuous activation of B cells and
formation of short-lived plasma blasts and plasma cells during persistent immune reactions,
e.g., during chronic infections. Long-lived plasma cells maintain specific humoral antibody
memory in the absence of persistent antigenic stimulation. It has been proposed that chronic
but low-level polyclonal activation of memory B cells generates plasma cells that substitute
for old plasma cells within longer periods.

and pathogen-pattern signals in the course of immune reactions generates plasma
blasts representing the repertoire of the memory B cells and replaces old plasma
cells (110). Indeed, after intentional immunization with one antigen, ASCs specific
for recall antigens appeared in the blood at very low frequencies. The actual con-
tribution of this phenomenon to the maintenance of serum antibody levels remains
to be demonstrated. An alternative explanation for the appearance of such cells
is that they are long-lived plasma cells of the bone marrow, dislocated from their
niches by the newly formed plasma blasts specific for the immunizing antigen (75,
100).

The concept of competition between newly generated plasma blasts and old
plasma cells for bone marrow survival niches implies that the maintenance of
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humoral memory for a specific antigen is regulated by the frequency and strength
of subsequent immune responses, i.e., the memory for more recent antigens is
established at the expense of the memory for “old” antigens not encountered
anymore. Memory for old antigens could be refreshed when such antigens are
encountered again and levels of specific antibodies in serum have dropped below
protective concentrations. Activation of memory B cells representing the reactive
memory would then generate plasma blasts again, which could migrate to the bone
marrow and enhance the levels of specific antibodies in serum.

SERUM ANTIBODIES IN IMMUNOPATHOLOGY

The immune system has evolved to provide specific protection to pathogens and, as
is evident from immunodeficiencies, is indispensable for the successful survival of
vertebrates. If successful, however, immune reactions bear the risk of developing
into chronic immunopathology and autoreactivity. Antibodies play a pivotal role
in this pathology. Antibodies specific for self-antigens are a common feature of
systemic and organ-specific autoimmune diseases (111, 112). Autoantibodies can
contribute to the pathogenesis of autoimmune diseases either directly, by classic
effector mechanisms, or through extensive formation of immune complexes with
autoantigens, creating a deposition problem (5). In chronic autoimmune processes,
the levels of serum antibodies increase considerably (hypergammaglobulinemia) as
a consequence of chronic activation of autoreactive B cells and their differentiation
into ASCs (113–115).

The role of autoantibodies in the pathogenesis of autoimmune diseases can
be easily depicted for systemic lupus erythematosus (SLE). Antibodies binding to
double-stranded DNA (dsDNA) characterize human and murine forms of SLE, and
their levels in serum are an excellent correlate of disease activity. These autoanti-
bodies can cause severe manifestations of disease, such as nephritis and vascular
injury (116). During flares of SLE, serum levels of autoantibodies directed against
dsDNA, nucleosomes, or SmD1 increase (116–118). In SLE patients with sus-
tained disease activity despite rigorous immunosuppressive treatment, pathogenic
anti-dsDNA autoantibodies persist in serum (119, 120). Also, in patients suffer-
ing from other autoimmune disorders, autoantibodies to particular autoantigens
remain present in serum following immunosuppression (121–125). The persis-
tence of autoantibodies in serum upon immunosuppression is a clear hint that such
autoantibodies are secreted by long-lived plasma cells, refractory to immunosup-
pression and feedback signals from antigen-antibody complexes. The existence
of long-lived, nonproliferating autoreactive plasma cells has been demonstrated
directly in the murine NZB/W model of SLE (126). In these mice, both long-lived
autoreactive plasma cells and short-lived, constantly de novo generated plasma
blasts and plasma cells contribute to autoantibody levels, with a ratio of 1:3, as
evidenced for dsDNA-specific ASCs. Accordingly, immunosuppression of au-
toimmune patients by selective depletion of B lymphocytes, but not plasma cells,
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with anti-CD20 antibodies (Rituximab) does not lead to complete disappearance of
autoantibodies (127–129). In sera of rheumatoid arthritis patients improving clin-
ically upon Rituximab treatment, the levels of IgM-, IgA-, and IgG-rheumatoid
factor, i.e., autoantibodies to immunoglobulin and autoantibodies to citrullinated
peptides, dropped significantly (130). This drop was not observed or was less
significant in patients not responding to the treatment with an improved clini-
cal outcome. Interestingly, the serum levels of antibodies to microbial antigens,
e.g., pneumococcal capsular polysaccharide, and the levels of tetanus-specific an-
tibodies did not change significantly upon treatment (129, 130). The resistance
of protective old serum antibodies to Rituximab demonstrates that these antibody
levels are maintained by long-lived plasma cells, which do not express CD20
(70). Autoantibodies, in turn, can be secreted by either long-lived plasma cells or
short-lived plasma blasts/plasma cells, which can be visualized in peripheral blood
during flares of the disease (131, 132), the generation of which is interrupted by
anti-CD20. Whether autoASCs can become long-lived plasma cells may depend
on the timing and mode of their generation, as well as whether they belong to the
B1 or B2 lineage.

CONCLUDING REMARKS

Blood is an organ of life and defense. Secreted antibodies of blood provide spe-
cific protection against pathogens the individual has encountered in the past. The
regulation of antibody concentrations in the blood is apparently based on sim-
ple principles. Secreted antibodies decay with constant rates independent of their
specificity. They are also synthesized at constant rates, by ASCs. The antibody
levels in serum can thus be regulated by regulating the numbers of cells synthesiz-
ing them. Antibody-secreting plasma blasts are generated in high numbers during
immune reactions, but their average lifespan is short. To maintain humoral mem-
ory, i.e., stable levels of specific antibodies in serum over long time periods in
the apparent absence of antigen, ASCs can be recruited to a pool of long-lived
plasma cells. Survival of the plasma cells is dependent on defined signals provided
in a limited number of survival niches in the body, most prominently in the bone
marrow. Thus, competition between newly generated plasma blasts and old plasma
cells for occupancy of survival niches makes humoral memory flexible to add new
specificities, allows its regeneration from memory B cells, and keeps the serum
antibody levels constant. “Blood is a very special juice,” as the German poet J.W.
Goethe has said.

ACKNOWLEDGMENTS

We gratefully acknowledge the assistance of Christine Raulfs and graphics sup-
port of Luise Fehlig. Without the continuous discussion in the DRFZ B cell club,
the concepts discussed here would not have been developed. This work was sup-
ported by the Deutsche Forschungsgemeinschaft through grants SFB421, SFB618,

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

380 MANZ ET AL.

KFO 105, and MA 2273 and RI 1056/2–1 and the European Commission through
framework 5 Project MEMOVAX.

The Annual Review of Immunology is online at
http://immunol.annualreviews.org

LITERATURE CITED

1. Behring E, Kitasato S. 1890. Ueber
das Zustandekommen der Diphtherie-
Immunität und der Tetanus-Immunität bei
Thieren. Dtsch. Med. Wochenschr. 16(49):
1113–14

2. Rajewsky K. 1996. Clonal selection and
learning in the antibody system. Nature
381:751–58

3. Boyden SV. 1966. Natural antibodies and
the immune response. Adv. Immunol. 5:1–
28

4. Michael JG. 1969. Natural antibodies.
Curr. Top. Microbiol. Immunol. 48:43–62

5. Martin F, Chan AC. 2004. Pathogenic
roles of B cells in human autoimmunity;
insights from the clinic. Immunity 20:
517–27

6. Ochsenbein AF, Fehr T, Lutz C, Suter
M, Brombacher F, et al. 1999. Control
of early viral and bacterial distribution
and disease by natural antibodies. Science
286:2156–59

7. Ahmed R, Gray D. 1996. Immunological
memory and protective immunity: under-
standing their relation. Science 272:54–
60

8. Hammarlund E, Lewis MW, Hansen SG,
Strelow LI, Nelson JA, et al. 2003. Dura-
tion of antiviral immunity after smallpox
vaccination. Nat. Med. 9:1131–37

9. Slifka MK, Matloubian M, Ahmed R.
1995. Bone marrow is a major site of long-
term antibody production after acute viral
infection. J. Virol. 69:1895–902

10. Simister NE, Story CM. 1997. Human
placental Fc receptors and the transmis-
sion of antibodies from mother to fetus. J.
Reprod. Immunol. 37:1–23

11. Nossal GJ. 2002. One cell, one anti-

body: prelude and aftermath. Immunol.
Rev. 185:15–23

11a. McHeyzer-Williams M, McHeyzer-Wil-
liams L. 2004. Antigen-specific memory
B cell development. Annu. Rev. Immunol.
23:487–513

12. Helmreich E, Kern M, Eisen HN. 1961.
The secretion of antibody by isolated
lymph node cells. J. Biol. Chem. 236:464–
73

13. Hibi T, Dosch HM. 1986. Limiting dilu-
tion analysis of the B cell compartment
in human bone marrow. Eur. J. Immunol.
16:139–45

14. Arce S, Luger E, Muehlinghaus G, Cass-
ese G, Hauser A, et al. 2004. CD38 low
IgG-secreting cells are precursors of var-
ious CD38 high-expressing plasma cell
populations. J. Leukoc. Biol. 75:1022–28

15. Brieva JA, Roldan E, De la Sen ML, Ro-
driguez C. 1991. Human in vivo-induced
spontaneous IgG-secreting cells from ton-
sil, blood and bone marrow exhibit dif-
ferent phenotype and functional level of
maturation. Immunology 72:580–83

16. Haaijman JJ, Schuit HR, Hijmans W.
1977. Immunoglobulin-containing cells
in different lymphoid organs of the CBA
mouse during its life-span. Immunology
32:427–34

17. Vieira P, Rajewsky K. 1988. The half-
lives of serum immunoglobulins in adult
mice. Eur. J. Immunol. 18:313–36

18. Talbot PJ, Buchmeier MJ. 1987. Cata-
bolism of homologous murine mono-
clonal hybridoma IgG antibodies in mice.
Immunology 60:485–89

19. Bienvenu J, Whicher J, Chir B, Aguzzi
F. 1996. Immunoglobulins. In Serum

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

MAINTENANCE OF SERUM ANTIBODY 381

Proteins in Clinical Medicine, ed. RF
Ritchie, O Navolotskaia, pp. 1–16. Scar-
borough, ME: Found. Blood Res.

20. Radl J, Sepers JM, Skvaril F, Morell A,
Hijmans W. 1975. Immunoglobulin pat-
terns in humans over 95 years of age. Clin.
Exp. Immunol. 22:84–90

21. Ghetie V, Ward ES. 2000. Multiple roles
for the major histocompatibility complex
class I- related receptor FcRn. Annu. Rev.
Immunol. 18:739–66

22. Rifai A, Fadden K, Morrison SL, Chin-
talacharuvu KR. 2000. The N-glycans
determine the differential blood clear-
ance and hepatic uptake of human im-
munoglobulin (Ig)A1 and IgA2 isotypes.
J. Exp. Med. 191:2171–82

23. Mestecky J, McGhee JR. 1987. Im-
munoglobulin A (IgA): molecular and
cellular interactions involved in IgA
biosynthesis and immune response. Adv.
Immunol. 40:153–245

24. Kerr MA. 1990. The structure and func-
tion of human IgA. Biochem. J. 271:285–
96

25. Metzger H. 1970. Structure and function
of gamma M macroglobulins. Adv. Im-
munol. 12:57–116

26. Parkhouse RM, Askonas BA, Dour-
mashkin RR. 1970. Electron microscopic
studies of mouse immunoglobulin M;
structure and reconstitution following re-
duction. Immunology 18:575–84

27. Spiegelberg HL. 1977. The structure and
biology of human IgD. Immunol. Rev. 37:
3–24

28. Waldmann TA. 1969. Disorders of im-
munoglobulin metabolism. N. Engl. J.
Med. 281:1170–77

29. Herzenberg LA, Stall AM, Lalor PA, Sid-
man C, Moore WA, Parks DR. 1986. The
Ly-1 B cell lineage. Immunol. Rev. 93:81–
102

30. Casali P, Schettino EW. 1996. Structure
and function of natural antibodies. Curr.
Top. Microbiol. Immunol. 210:167–79

31. Sheldrake RF, Husband AJ, Watson DL,
Cripps AW. 1984. Selective transport of

serum-derived IgA into mucosal secre-
tions. J. Immunol. 132:363–68

32. Lilius EM, Marnila P. 2001. The role of
colostral antibodies in prevention of mi-
crobial infections. Curr. Opin. Infect. Dis.
14:295–300

33. Telemo E, Westrom BR, Ekstrom G,
Karlsson BW. 1987. Intestinal macro-
molecular transmission in the young
rat: influence of protease inhibitors dur-
ing development. Biol. Neonate 52:141–
48

34. Simister NE, Mostov KE. 1989. An Fc re-
ceptor structurally related to MHC class I
antigens. Nature 337:184–87

35. Story CM, Mikulska JE, Simister NE.
1994. A major histocompatibility com-
plex class I-like Fc receptor cloned from
human placenta: possible role in transfer
of immunoglobulin G from mother to fe-
tus. J. Exp. Med. 180:2377–81

36. Simister NE, Story CM, Chen HL, Hunt
JS. 1996. An IgG-transporting Fc recep-
tor expressed in the syncytiotrophoblast
of human placenta. Eur. J. Immunol. 26:
1527–31

37. Leach JL, Sedmak DD, Osborne JM,
Rahill B, Lairmore MD, Anderson CL.
1996. Isolation from human placenta of
the IgG transporter, FcRn, and localiza-
tion to the syncytiotrophoblast: implica-
tions for maternal-fetal antibody trans-
port. J. Immunol. 157:3317–22

38. Kristoffersen EK, Matre R. 1996. Co-
localization of the neonatal Fc gamma re-
ceptor and IgG in human placental term
syncytiotrophoblasts. Eur. J. Immunol.
26:1668–71

39. Tizard I. 2001. The protective proper-
ties of milk and colostrum in non-human
species. Adv. Nutr. Res. 10:139–66

40. Roberts DM, Guenthert M, Rodewald R.
1990. Isolation and characterization of the
Fc receptor from the fetal yolk sac of the
rat. J. Cell Biol. 111:1867–76

41. Ghetie V, Hubbard JG, Kim JK, Tsen
MF, Lee Y, Ward ES. 1996. Abnormally
short serum half-lives of IgG in beta

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

382 MANZ ET AL.

2-microglobulin-deficient mice. Eur. J.
Immunol. 26:690–96

42. Lazarus NH, Kunkel EJ, Johnston B,
Wilson E, Youngman KR, Butcher EC.
2003. A common mucosal chemokine
(mucosae-associated epithelial chemo-
kine/CCL28) selectively attracts IgA plas-
mablasts. J. Immunol. 170:3799–805

43. Kato H, Kato R, Fujihashi K, McGhee JR.
2001. Role of mucosal antibodies in vi-
ral infections. Curr. Top. Microbiol. Im-
munol. 260:201–28

44. Youngman KR, Franco MA, Kuklin NA,
Rott LS, Butcher EC, Greenberg HB.
2002. Correlation of tissue distribution,
developmental phenotype, and intestinal
homing receptor expression of antigen-
specific B cells during the murine anti-
rotavirus immune response. J. Immunol.
168:2173–81

45. Fagarasan S, Kinoshita K, Muramatsu
M, Ikuta K, Honjo T. 2001. In situ
class switching and differentiation to IgA-
producing cells in the gut lamina propria.
Nature 413:639–43

46. Bowman EP, Kuklin NA, Youngman
KR, Lazarus NH, Kunkel EJ, et al.
2002. The intestinal chemokine thymus-
expressed chemokine (CCL25) attracts
IgA antibody-secreting cells. J. Exp. Med.
195:269–75

47. Lamm ME, Phillips-Quagliata JM. 2002.
Origin and homing of intestinal IgA
antibody-secreting cells. J. Exp. Med.
195:F5–8

48. Pan JL, Kunkel EJ, Gosslar U, Lazarus
N, Langdon P, et al. 2000. A novel
chemokine ligand for CCR10 and CCR3
expressed by epithelial cells in mucosal
tissues. J. Immunol. 165:2943–49

49. Kunkel EJ, Kim CH, Lazarus NH, Vierra
MA, Soler D, et al. 2003. CCR10 ex-
pression is a common feature of circu-
lating and mucosal epithelial tissue IgA
Ab-secreting cells. J. Clin. Invest. 111:
1001–10

50. Hieshima K, Ohtani H, Shibano M, Izawa
D, Nakayama T, et al. 2003. CCL28

has dual roles in mucosal immunity as a
chemokine with broad-spectrum antimi-
crobial activity. J. Immunol. 170:1452–61

51. Kunkel EJ, Campbell JJ, Haraldsen G, Pan
JL, Boisvert J, et al. 2000. Lymphocyte
CC chemokine receptor 9 and epithelial
thymus-expressed chemokine (TECK)
expression distinguish the small intesti-
nal immune compartment: epithelial ex-
pression of tissue-specific chemokines as
an organizing principle in regional immu-
nity. J. Exp. Med. 192:761–67

52. Papadakis KA, Prehn J, Nelson V, Cheng
L, Binder SW, et al. 2000. The role of
thymus-expressed chemokine and its re-
ceptor CCR9 on lymphocytes in the re-
gional specialization of the mucosal im-
mune system. J. Immunol. 165:5069–76

53. Pabst O, Ohl L, Wendland M, Wurbel MA,
Kremmer E, et al. 2004. Chemokine re-
ceptor CCR9 contributes to the localiza-
tion of plasma cells to the small intestine.
J. Exp. Med. 199:411–16

54. Quiding-Jarbrink M, Nordstrom I,
Granstrom G, Kilander A, Jertborn M,
et al. 1997. Differential expression of
tissue-specific adhesion molecules on
human circulating antibody-forming
cells after systemic, enteric, and nasal
immunizations. A molecular basis for the
compartmentalization of effector B cell
responses. J. Clin. Invest. 99:1281–86

55. Liu YJ, Zhang J, Lane PJ, Chan EY,
MacLennan IC. 1991. Sites of specific B
cell activation in primary and secondary
responses to T cell-dependent and T cell-
independent antigens. Eur. J. Immunol.
21:2951–62

56. Smith KG, Hewitson TD, Nossal GJ, Tar-
linton DM. 1996. The phenotype and
fate of the antibody-forming cells of the
splenic foci. Eur. J. Immunol. 26:444–48

57. de Vinuesa CG, Gulbranson-Judge A,
Khan M, O’Leary P, Cascalho M, et al.
1999. Dendritic cells associated with
plasmablast survival. Eur. J. Immunol.
29:3712–21

58. McMillan R, Longmire RL, Yelenosky

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

MAINTENANCE OF SERUM ANTIBODY 383

R, Lang JE, Heath V, Craddock CG.
1972. Immunoglobulin synthesis by hu-
man lymphoid tissues: normal bone mar-
row as a major site of IgG production. J.
Immunol. 109:1386–94

59. Benner R, van Oudenaren A. 1975. An-
tibody formation in mouse bone mar-
row. IV. The influence of splenectomy on
the bone marrow plaque-forming cell re-
sponse to sheep red blood cells. Cell Im-
munol. 19:167–82

60. Hauser AE, Debes GF, Arce S, Cassese G,
Hamann A, et al. 2002. Chemotactic re-
sponsiveness toward ligands for CXCR3
and CXCR4 is regulated on plasma blasts
during the time course of a memory im-
mune response. J. Immunol. 169:1277–82

61. Dilosa RM, Maeda K, Masuda A, Sza-
kal AK, Tew JG. 1991. Germinal center B
cells and antibody production in the bone
marrow. J. Immunol. 146:4071–77

62. Benner R, Hijmans W, Haaijman JJ. 1981.
The bone marrow: the major source of
serum immunoglobulins, but still a ne-
glected site of antibody formation. Clin.
Exp. Immunol. 46:1–8

63. Tew JG, DiLosa RM, Burton GF, Kosco
MH, Kupp LI, et al. 1992. Germinal cen-
ters and antibody production in bone mar-
row. Immunol. Rev. 126:99–112

64. Takahashi Y, Dutta PR, Cerasoli DM,
Kelsoe G. 1998. In situ studies of the pri-
mary immune response to (4-hydroxy-3-
nitrophenyl)acetyl. V. Affinity maturation
develops in two stages of clonal selection.
J. Exp. Med. 187:885–95

65. Smith KG, Light A, Nossal GJ, Tarlin-
ton DM. 1997. The extent of affinity mat-
uration differs between the memory and
antibody-forming cell compartments in
the primary immune response. EMBO J.
16:2996–3006

66. Hay JB, Murphy MJ, Morris B, Bessis
MC. 1972. Quantitative studies on the pro-
liferation and differentiation of antibody-
forming cells in lymph. Am. J. Pathol.
66:1–24

67. Cupps TR, Goldsmith PK, Volkman DJ,

Gerin JL, Purcell RH, Fauci AS. 1984.
Activation of human peripheral blood B
cells following immunization with hep-
atitis B surface antigen vaccine. Cell Im-
munol. 86:145–54

68. Koch G, Osmond DG, Julius MH, Ben-
ner R. 1981. The mechanism of thymus-
dependent antibody formation in bone
marrow. J. Immunol. 126:1447–51

69. Ridley RC, Xiao H, Hata H, Woodliff
J, Epstein J, Sanderson RD. 1993. Ex-
pression of syndecan regulates human
myeloma plasma cell adhesion to type I
collagen. Blood 81:767–74

70. Medina F, Segundo C, Campos-Caro A,
Gonzalez-Garcia I, Brieva JA. 2002. The
heterogeneity shown by human plasma
cells from tonsil, blood, and bone mar-
row reveals graded stages of increasing
maturity, but local profiles of adhesion
molecule expression. Blood 99:2154–61

71. Wehrli N, Legler DF, Finke D, Toellner
KM, Loetscher P, et al. 2001. Chang-
ing responsiveness to chemokines allows
medullary plasmablasts to leave lymph
nodes. Eur. J. Immunol. 31:609–16

72. Reif K, Ekland EH, Ohl L, Nakano H,
Lipp M, et al. 2002. Balanced responsive-
ness to chemoattractants from adjacent
zones determines B-cell position. Nature
416:94–99

73. Hargreaves DC, Hyman PL, Lu TT, Ngo
VN, Bidgol A, et al. 2001. A coordi-
nated change in chemokine responsive-
ness guides plasma cell movements. J.
Exp. Med. 194:45–56

74. Cassese G, Arce S, Hauser AE, Lehnert
K, Moewes B, et al. 2003. Plasma cell
survival is mediated by synergistic effects
of cytokines and adhesion-dependent sig-
nals. J. Immunol. 171:1684–90

75. Manz RA, Arce S, Cassese G, Hauser AE,
Hiepe F, Radbruch A. 2002. Humoral im-
munity and long-lived plasma cells. Curr.
Opin. Immunol. 14:517–21

76. Janatpour MJ, Hudak S, Sathe M,
Sedgwick JD, McEvoy LM. 2001. Tu-
mor necrosis factor-dependent segmental

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

384 MANZ ET AL.

control of MIG expression by high en-
dothelial venules in inflamed lymph nodes
regulates monocyte recruitment. J. Exp.
Med. 194:1375–84

77. Cassese G, Lindenau S, de Boer B, Arce
S, Hauser A, et al. 2001. Inflamed kid-
neys of NZB/W mice are a major site for
the homeostasis of plasma cells. Eur. J.
Immunol. 31:2726–32

78. Mallison SM 3rd, Szakal AK, Ranney RR,
Tew JG. 1988. Antibody synthesis spe-
cific for nonoral antigens in inflamed gin-
giva. Infect. Immun. 56:823–30

79. Hook WA, Toussaint AJ, Simonton LA,
Muschel LH. 1966. Appearance of nat-
ural antibodies in young rabbits. Nature
210:543–44

80. Cohen IR, Norins LC. 1966. Natural hu-
man antibodies to gram-negative bacteria:
immunoglobulins G, A, and M. Science
152:1257–59

81. Kantor AB. 1991. The development and
repertoire of B-1 cells (CD5 B cells). Im-
munol. Today 12:389–91

82. Kasaian MT, Ikematsu H, Casali P. 1992.
Identification and analysis of a novel hu-
man surface CD5− B lymphocyte subset
producing natural antibodies. J. Immunol.
148:2690–702

83. Jiang HQ, Thurnheer MC, Zuercher AW,
Boiko NV, Bos NA, Cebra JJ. 2004. Inter-
actions of commensal gut microbes with
subsets of B- and T-cells in the murine
host. Vaccine 22:805–11

84. Kantor AB, Herzenberg LA. 1993. Ori-
gin of murine B cell lineages. Annu. Rev.
Immunol. 11:501–38

85. Hardy RR, Carmack CE, Li YS,
Hayakawa K. 1994. Distinctive develop-
mental origins and specificities of murine
CD5+ B cells. Immunol. Rev. 137:91–118

86. Tlaskalova-Hogenova H, Mandel L,
Stepankova R, Bartova J, Barot R, et al.
1992. Autoimmunity: from physiology to
pathology. Natural antibodies, mucosal
immunity and development of B cell
repertoire. Folia Biol. 38:202–15

87. Coutinho A, Kazatchkine MD, Avrameas

S. 1995. Natural autoantibodies. Curr.
Opin. Immunol. 7:812–18

87a. Bos NA, Kimura H, Meeuwsen CG, De
Visser H, Hazenberg MP, et al. 1989.
Serum immunoglobulin levels and nat-
urally occurring antibodies against car-
bohydrate antigens in germ-free BALB/c
mice fed chemically defined ultrafiltered
diet. Eur. J. Immunol. 19:2335–39

88. Macpherson AJ, Gatto D, Sainsbury E,
Harriman GR, Hengartner H, Zinkernagel
RM. 2000. A primitive T cell-independent
mechanism of intestinal mucosal IgA re-
sponses to commensal bacteria. Science
288:2222–26

89. Ferry H, Jones M, Vaux DJ, Roberts IS,
Cornall R. 2003. The cellular location of
self-antigen determines the positive and
negative selection of autoreactive B cells.
J. Exp. Med. 198:1415–25

90. Mouthon L, Nobrega A, Nicolas N, Kaveri
SV, Barreau C, et al. 1995. Invariance and
restriction toward a limited set of self-
antigens characterize neonatal IgM anti-
body repertoires and prevail in autoreac-
tive repertoires of healthy adults. Proc.
Natl. Acad. Sci. USA 92:3839–43

91. Slifka MK, Ahmed R. 1996. Long-term
humoral immunity against viruses: revis-
iting the issue of plasma cell longevity.
Trends Microbiol. 4:394–400

92. Manz RA, Lohning M, Cassese G, Thiel
A, Radbruch A. 1998. Survival of long-
lived plasma cells is independent of anti-
gen. Int. Immunol. 10:1703–11

93. Tew JG, Phipps RP, Mandel TE. 1980.
The maintenance and regulation of the hu-
moral immune response: persisting anti-
gen and the role of follicular antigen-
binding dendritic cells as accessory cells.
Immunol. Rev. 53:175–201

94. Bachmann MF, Odermatt B, Hengart-
ner H, Zinkernagel RM. 1996. Induction
of long-lived germinal centers associated
with persisting antigen after viral infec-
tion. J. Exp. Med. 183:2259–69

95. Slifka MK, Antia R, Whitmire JK, Ahmed
R. 1998. Humoral immunity due to

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

5.
23

:3
67

-3
86

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
ni

ve
rs

ita
 d

eg
li 

St
ud

i d
i R

om
a 

T
or

 V
er

ga
ta

 o
n 

11
/1

9/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



14 Feb 2005 13:9 AR AR239-IY23-12.tex XMLPublishSM(2004/02/24) P1: JRX

MAINTENANCE OF SERUM ANTIBODY 385

long-lived plasma cells. Immunity 8:363–
72

96. Manz RA, Thiel A, Radbruch A. 1997.
Lifetime of plasma cells in the bone mar-
row. Nature 388:133–34

97. Schittek B, Rajewsky K. 1990. Mainte-
nance of B-cell memory by long-lived
cells generated from proliferating precur-
sors. Nature 346:749–51

98. Wols HAM, Underhill GH, Kansas GS,
Witte PL. 2002. The role of bone marrow-
derived stromal cells in the maintenance
of plasma cell longevity. J. Immunol.
169:4213–21

99. Tokoyoda K, Egawa T, Sugiyama T, Choi
BI, Nagasawa T. 2004. Cellular niches
controlling B lymphocyte behavior within
bone marrow during development. Immu-
nity 20:707–18

100. Manz RA, Radbruch A. 2002. Plasma
cells for a lifetime? Eur. J. Immunol. 32:
923–27

101. Freitas AA, Rocha B. 2000. Population
biology of lymphocytes: the flight for sur-
vival. Annu. Rev. Immunol. 18:83–111

102. Zhang JW, Niu C, Ye L, Huang HY,
He X, et al. 2003. Identification of the
haematopoietic stem cell niche and con-
trol of the niche size. Nature 425:836–41

103. Calvi LM, Adams GB, Weibrecht KW,
Weber JM, Olson DP, et al. 2003. Os-
teoblastic cells regulate the haematopoi-
etic stem cell niche. Nature 425:841–
46

104. Roldan E, Brieva JA. 1991. Terminal dif-
ferentiation of human bone marrow cells
capable of spontaneous and high-rate im-
munoglobulin secretion: role of bone mar-
row stromal cells and interleukin 6. Eur.
J. Immunol. 21:2671–77

105. Merville P, Dechanet J, Desmouliere A,
Durand I, de Bouteiller O, et al. 1996. Bcl-
2+ tonsillar plasma cells are rescued from
apoptosis by bone marrow fibroblasts. J.
Exp. Med. 183:227–36

106. Kawano MM, Mihara K, Huang N, Tsu-
jimoto T, Kuramoto A. 1995. Differentia-
tion of early plasma cells on bone marrow

stromal cells requires interleukin-6 for
escaping from apoptosis. Blood 85:487–
94

107. Gross JA, Dillon SR, Mudri S, Johnston J,
Littau A, et al. 2001. TACI-Ig neutralizes
molecules critical for B cell development
and autoimmune disease: impaired B cell
maturation in mice lacking BLyS. Immu-
nity 15:289–302

108. Schiemann B, Gommerman JL, Vora K,
Cachero TG, Shulga-Morskaya S, et al.
2001. An essential role for BAFF in the
normal development of B cells through
a BCMA-independent pathway. Science
293:2111–14

109. O’Connor BP, Raman VS, Erickson LD,
Cook WJ, Weaver LK, et al. 2004. BCMA
is essential for the survival of long-lived
bone marrow plasma cells. J. Exp. Med.
199:91–98

110. Bernasconi NL, Traggiai E, Lanzavec-
chia A. 2002. Maintenance of serological
memory by polyclonal activation of hu-
man memory B cells. Science 298:2199–
202

111. Martin F, Kearney JF. 2000. B-cell sub-
sets and the mature preimmune repertoire.
Marginal zone and B1 B cells as part of
a “natural immune memory.” Immunol.
Rev. 175:70–79

112. Davidson A, Diamond B. 2001. Autoim-
mune diseases. N. Engl. J. Med. 345:340–
50

113. Cheema GS, Roschke V, Hilbert DM,
Stohl W. 2001. Elevated serum B lympho-
cyte stimulator levels in patients with sys-
temic immune-based rheumatic diseases.
Arthritis Rheum. 44:1313–19

114. Groom J, Kalled SL, Cutler AH, Olson C,
Woodcock SA, et al. 2002. Association of
BAFF/BLyS overexpression and altered
B cell differentiation with Sjögren’s syn-
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