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The production of antibodies by terminally differentiated plasma cells is the central humoral response
that mediates host immunity to infections. Many plasma cells are short-lived and die by apoptosis after
several days. Long-term production of antigen-specific antibodies is usually attributed to memory B
cells. However, the central paradigm of plasma cell biology is changing with the discovery of long-lived
plasma cells which contribute to life-long humoral immunity. Long-lived plasma cells have only been
recognized as a part of immunological memory in the last decade – there is much to learn about the
complexities of their development and survival. In this article, I review the extrinsic signals involved in
long-lived plasma cell longevity, with an emphasis on how the bone marrow microenvironment
contributes to the survival of long-lived plasma cells. Insights into these mechanisms will have a
profound impact on plasma cell biology and provide novel therapeutic targets in autoimmune diseases
and plasma cell malignancies.
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The main function of the immune response is to
generate an appropriate and robust response to
defend against foreign stimuli, i.e., infection by
viruses or bacterial pathogens. As the main
producers and secretors of antibodies, terminally
differentiated B-cells, also called plasma cells (PCs),
represent the humoral arm of this response [1, 2].
Antibodies can directly neutralize microbes by
blocking factors essential for their survival and also
mark the pathogen for clearance by other cells of the
immune system [3, 4]. A remarkable property of
humoral immunity is the long-lasting ‘memory’ of
the response, providing decades and sometimes lifelong protection against previously encountered
pathogens or antigens [5, 6, 7, 8, 9]. The longevity of
humoral immunity is provided by two different types
of B-cells: memory B cells (Bmem) and long-lived
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plasma cells (LPCs). The role of Bmem in long-lived
humoral immunity has been extensively reviewed
elsewhere [10, 11]. Here, I will review recent
developments which have led to a renewed
understanding of the longevity of PCs and provide a
detailed mechanistic overview of factors in the bone
marrow microenvironment that sustain their
survival. LPCs persist after the resolution of an
immune reaction and contribute to an enhanced
protective state during re-infection. They are
substantially different from Bmem cells as they
remain non-dividing in the bone marrow and
secrete abundant amounts of antibodies for
extended periods of time [8, 9]. LPC persistence do
not require presence of the antigen [12].
Before the discovery of LPCs, PCs were
considered to be differentiated B-cells which
survive for less than a week [1, 10, 13] and antibody
levels were presumed to be maintained by
continuous generation of PCs from activated B cells
or Bmem after antigenic challenge [14, 15]. This
principal dogma was derived from several lines of
evidence. Very early in vivo studies suggested PCs
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were short-lived [16, 17, 18] and these findings were
substantiated by later studies that observed that PCs
rapidly die after ex vivo isolation as PCs fail to
survive after three days of in vitro cell culture [19,
20]. PC numbers were also observed to decline to
very low numbers in secondary lymphoid organs
after their initial peak response to an antigen [21, 22].
This textbook paradigm was re-examined when
two different research groups, using mouse models,
found evidence that PCs can be long-lived. In 1997,
Manz et al. [8] used proliferation markers to
differentiate between short- and long-lived antiovalbumin-secreting PCs in the bone marrow of mice
secondarily immunized with ovalbumin. Seventy
percent of these anti-ovalbumin-secreting PCs
migrated to the bone marrow within the first month
after immunization, and persisted for at least 2
months without proliferation (characterized by a lack
of cell division and DNA synthesis) while constantly
secreting antibodies. The same group then further
demonstrated that the persistence of these cells did
not require the presence of antigen [12]. The second
group, Slifka et al. [9], employed a different
approach. Using lymphocytic choriomeningitis
(LCMV)-infected mice, they demonstrated that these
mice continued to produce specific LCMV-antibodies
for 250 days after irradiation. Irradiation depletes
memory B cells and prevents generation of new PCs.
Adoptive transfer of these plasma cells into naïve
non-immunized mice also resulted in consistent antiLCMV antibody titres.
Direct evidence for LPCs in humans has not been
demonstrated thus far, but several studies point to
their existence. The first observation was obtained
from patients with autoimmune diseases who were
treated with the therapeutic antibody rituximab,

which depletes all B-lineage cells except those that
secrete antibodies [23]. Total serum antibody titres
of these patients were found to remain within
normal range and stable in the long-term after
rituximab treatment even though naïve and
memory B cells were confirmed to be absent [24, 25,
26]. In other cases, specific serum antibody titres
remain stable for decades in humans even without
repeated antigenic challenge for more than 70 years
[6]. This phenomenon was also independent of the
number of vaccine administrations [6, 27]. In
addition, recent findings from Mesin et al. [28]
suggests that LPCs are present in the human small
intestine. As the evidence for LPCs contributing to
long-lived humoral immunity continues to increase,
these new cells provide novel targets and new
therapeutic opportunities for autoimmunity and PC
malignancies such as multiple myeloma.
The importance of antibodies and long-lived
humoral immunity has been acknowledged for
decades [29, 30]. Indeed, the ability of naïve B cells
to differentiate into antibody-producing cells is the
basis of using vaccines [31, 32]. The emergence of a
new player (long-lived plasma cells) contributing to
this process brings about a need to understand its
role and importance in immunological memory.
Importantly, we need to appreciate how the
regulation and formation of LPCs is controlled, as
failure to balance between a continued production
of antibodies targeting foreign antigens and
choosing when to turn off this response may result
in collateral damage to host cells [33]. In severe
cases, dysregulation of this response may result in
the development of multiple myeloma [34, 35] or
autoimmunity diseases [36, 37, 38]. There is
increasing evidence that the survival of LPCs is
Figure 1. Development of B cells and generation of
short- and long-lived plasma cells in mice and humans.
B cells develop from hematopoietic stem cells (HSC)
present in bone marrow and migrate to lymphoid tissues
upon
maturation
(naïve/follicular
B
cell).
Upon
encountering an antigen, naïve B cells can differentiate into
plasmablasts and short-lived PCs which provide a first-line
defense against infections. Some of these activated naïve B
cells can enter germinal centre (GC) reactions. In GCs, B
cells first undergo several rounds of expansion before
beginning somatic hypermutation (SHM) and class switch
recombination (CSR) (for further details, see [39, 50, 51,
52]). These cells are in a state of activated apoptosis and
will die unless they obtain a survival cue from dendritic
cells or T cells in the GC environment. In this GC selection
process, B cells with BCRs that have a higher affinity for the
unique antigenic epitope are selected to survive whereas B
cells with low affinity BCRs are out-competed and die. With
a survival signal, these B cells then leave the GC where
they develop into plasmablasts and PCs and begin to secrete
antibodies. PCs become LPCs if they are able to migrate
into specific survival niches in the bone marrow and
receive
survival
signals
from
cells
in
the
microenvironment. CLP: Common lymphoid progenitor.
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Figure 2. Key surface markers and transcription
factors during PC development after activation in
the germinal centre. Following activation in the
germinal centre, PC development can be identified
by the presence of several surface markers and
transcription factors [1, 14, 89, 90, 91]. B220 is a
surface antigen that defines B-cell lineage and is
down-regulated upon terminal differentiation into a
PC. As activated B cells differentiate into PCs, surface
immunoglobulins (membrane Ig) are secreted as
antibodies. CXCR4 and its ligand CXCR12 are
important for PCs migration to bone marrow.
Syndecan-1, a traditional PC marker, is a cellassociated proteoglycan which binds to the
extracellular matrix and is upregulated as activated
B cells differentiate into PCs. Pax5 is a transcription
factor which mediates B-cell identity and is
expressed throughout B lineage and all mature Bcell
subsets. Blimp-1 is a crucial transcription factor
required for full PC differentiation. Pax5 and Blimp1 are mutually exclusive transcriptions factors where
Pax5 must be eliminated to permit successful PC
development.

influenced by extracellular conditions which
regulates their lifespan. Below, I will briefly
summarise the developmental pathway of LPCs and
review the current findings and interpretation of the
extrinsic factors which regulate the formation and
survival
of
LPCs.
The
bone
marrow
microenvironment as a survival niche for LPCs will
also be discussed.
Development of long-lived plasma cells
Plasma cells are the differentiated result of a
series of cellular maturation steps beginning from a
bone marrow hematopoietic multipotent stem cell
(fig. 1). This multistep developmental pathway yields
a naïve B cell expressing a functional B cell receptor
(BCR) and is antigen-independent [1, 39]. Activation
of B cells via the BCR induces naïve B cells to
differentiate into short-lived antibody-secreting
plasmablasts (fig. 2) [1, 14]. Plasmablasts are larger
cellular precursors to mature plasma cells which
retain the ability to proliferate and migrate into the
bone marrow or during autoimmune and
inflammatory conditions, immigrate to inflamed
tissues [10, 14, 40]. The migratory ability of
plasmablasts is achieved by alterations in the
expression of chemokine receptors. Plasmablasts
upregulate CXCR4 and CXCR3 in the presence of
interferon-γ, which enables them to be guided by
chemotactic molecules CXCL9, CXCL10, CXCL11
and CXCL12 [21, 41, 42]. Chemotactic molecules are
specific chemical signals that are upregulated or
secreted in tissues to attract and recruit specific
immune cells which express the matching
chemotactic receptor [43]. Upon arrival at tissue
niches, the plasmablasts terminally differentiate into
3 | Akademeia.ca

non-migratory PCs which either reside there for
several days before dying by apoptosis or persist as
LPCs over years [14, 40, 44, 45]. Few intrinsic
differences have been found between PCs and LPCs,
as genes involved in B cell to PC differentiation,
adhesion and survival have been found to be
essential for all PCs [40]. (cf. a recent manuscript
demonstrates that LPCs in the bone marrow were
able to respond to signalling via the receptor
molecule CD28 which was not observed in shortlived PCs from the spleen [46]). Instead, current
data suggests they are regulated by extrinsic factors.
The extrinsic determinants which govern the
survival of PCs are discussed in further detail in the
next few sections.
Although it is clear that PCs are differentiated
end-products of activated B cells, the origin from
which PCs arise can differ. The route from which
PCs arise depends on the type, dose and form of
antigen as well as the current location of the B cell
[39, 47]. This, in turn, affects the strength and
timing of signals propagated by the BCR. Further,
PCs can emerge from naïve or memory B cells upon
encountering antigen and be dependent or
independent of T cell help [1, 39]. Although both
dependent and independent T cell help can induce
naïve B cells to become plasmablasts, T celldependent help induces B cells to seed germinal
centres in lymphoid follicles. Germinal centres are
specific, defined structures in secondary lymphoid
tissues where mature B cells proliferate [33, 48, 49].
In addition, antibodies at germinal centres undergo
affinity maturation (a situation whereby antibodies
that are produced against a specific antigen display
increasingly greater affinity for the antigen over the
time of the immune response) by somatic
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hypermutation (SHM) [50, 51] as well as antibody
class switching [52]. The development of the
germinal centre has now been well-defined and is
outside the scope of this review. For further reading,
I direct readers to an excellent review by Klein and
Dalla-Favera [48].
Why is the route of PC differentiation important?
The current literature suggests that PCs generated
outside of germinal centres (i.e., extrafollicularly)
are thought to be mostly short-lived [1, 10]. They
provide a rapid initial response to pathogens but
undergo apoptosis in situ within a few days [13, 53].
In contrast, PCs generated from germinal centres
with T cell-dependent help mostly migrate to the
bone marrow [10, 54] with a small proportion
remaining in the spleen [53]. Additional studies have
also demonstrated that PCs can migrate and persist
in inflamed tissues under chronic inflammatory
conditions [38, 55]. This migration to bone marrow
(and/or other sites) plays an important role in
determining whether a PC becomes long-lived or
not, as little evidence exists to demonstrate that LPC
generation is dependent on intrinsic or internal cell
signals. Consistent with this idea, LPCs harvested
from bone marrow exhibit affinity-matured
antibodies [8, 9, 40] suggesting that they emerged
from germinal centre reactions. At the moment,
current evidence suggests that the lifespan of a PC is
dependent on multiple extrinsic survival factors and
cell-cell interactions. Therefore, being a LPC is
conditional upon locating a dedicated plasma cell
survival niche such as the bone marrow - if a plasma
cell arrives at the right place, it can become longlived.
Extrinsic factors for survival secreted by the bone
marrow microenvironment
Bone marrow hosts the majority of LPCs and plays
an important role in their survival. Increasing
experimental data points towards the idea that the
bone marrow functions as an ecological ‘niche’
where the microenvironment provides survival
signals to LPCs through ‘cellular survival factors’.
Here, I will first review the extrinsic factors involved
in the regulation of LPC survival, before discussing
how the bone marrow microenvironment provides a
survival niche to maintain a long-lived plasma cell.
The removal of PCs from bone marrow for in vitro
cell culture led investigators to observe that PCs had
a poor survival rate [19]. This brought about studies
which attempted to isolate soluble factors that could
sustain PCs and contribute to the longevity of LPCs.
The cytokines IL-5, IL-6, TNFα and CXC-chemokine
ligand 12 (CXCL12, also known as stromal cellderived factor 1) were identified as individual
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factors which improve LPC survival in vitro,
promoting the survival of seeded LPCs for at least 3
days [19]. Intriguingly, the role of IL-6 as an
essential survival signal for LPCs was initially
contradictory. In vitro studies indicated that it is a
crucial factor for the survival of bone marrow
derived plasma cells [19, 56, 57]. In addition, IL-6
had the most pronounced effect on PC survival, as
addition of this cytokine rescued 70% of cultured
PCs [19]. However, LPC numbers and persistence
were similar in IL-6-deficient mice as compared to
wild-type mice [19] which indicates that IL-6 was
not essential for LPC survival in vivo. Interestingly,
the presence of PCs alone could induce the
production of IL-6 from bone marrow stromal cells
(BMSCs), which suggests that PCs themselves could
contribute to the formation of a survival niche [56].
BMSCs are a collection of adherent cells
(endothelial cells, reticular cells, adipocytes,
osteoblasts, stromal fibroblasts and smooth muscle
cells) in bone marrow with a variety of
immunological roles including the maintenance of
immunological memory and LPC survival [56, 58,
59]. The observation that PCs themselves contribute
to a survival niche is not unlike the tumorigenesis of
multiple
myeloma
(MM),
whereby
BMSCs
stimulated by MM cells secrete abundant amounts
of IL-6 which then promotes the growth of
malignant MM cells [35, 60]. Thus, the production
and effector function of IL-6 appears to result in a
positive feedback loop for PC survival.
However, even when these factors were
collectively provided in vitro, their synergistic
operation did not result in a complete recovery of
plasma cells [19]. Even the co-incubation of these
cells with bone marrow supernatant did not result
in a prolonged PC survival rate [19]. These
observations suggest that non-soluble factors (i.e.,
cell-cell
interactions) most
likely
provided
additional signals for LPCs survival. To determine
which bone marrow cell types could provide those
interactions, Roldan et al. [61] showed that adherent
cells (but not non-adherent cells) fractionated from
bone marrow cell suspensions were able to support
PC survival in vitro. To investigate if cellular
interactions between LPCs and BMSCs play a role in
LPC survival, BMSCs were used as feeder cells for
LPCs in vitro, and significantly increased the
survival of LPCs for up to 4 weeks [56]. Further
investigations revealed that VLA-4 and VCAM-1
interactions between LPCs and BMSCs provided the
supportive effect [56, 62, 63]. Signalling via CD44
was also shown to promote a modest survival
response [19]. CD44 is a cell surface glycoprotein
involved in cell-cell interactions, cell adhesion and
migration [64]. Its principal ligand is hyaluronic acid

Liew et al. | Akademeia (2012) 2(1): ea0116

(HA) which is a common component of the
extracellular matrix [64, 65].
Another group of important survival factors is
the tumour necrosis factor subfamily of ligands and
receptors. The receptors in this subfamily include the
transmembrane activator and calcium modulator
ligand interactor (TACI), B-cell maturation antigen
(BCMA) and B-cell activating factor receptor
(BAFFR). The ligands are B-cell activating factor
(BAFF) and a proliferation-inducing ligand (APRIL).
The precise interactions between each ligand and
receptor have been difficult to identify [66, 67, 68, 69]
because the ligands are able to adopt monomeric or
oligomeric forms. These forms or complexes can also
be soluble or insoluble. As a result, the different
ligand forms greatly affect their in vivo interactions
with the receptors (reviewed in [70]). Nevertheless, it
is clear that BAFF-BAFFR interactions do not play a
role in LPC survival [70, 71]. In contrast, interactions
between the ligands (BAFF, APRIL) with the
receptors (BCMA, TACI) have been shown to be
important for the survival of LPCs. In vivo studies
demonstrated impaired LPC survival in BCMA-/- mice
[72], and that blockage of TACI with TACIImmunoglobulin caused a decay in the LPC
population [71, 72]. TACI was later shown to be
necessary for the sustained expression of a B-cell
gene that regulates the differentiation of long-lived
antibody secreting cells [73]. Noelle’s group [71] also
demonstrated that eradication of the LPC population
from bone marrow required the neutralization of
both BAFF and APRIL ligands. The presence of either
BAFF or APRIL is sufficient for long-term PC survival
which indicates that these two ligands have
redundant supportive roles.

The bone marrow microenvironment as a
survival niche for LPCs
How do these soluble and insoluble factors
contribute to a specific survival niche in bone
marrow? With knowledge of the factors involved
and their role in LPC survival, a representation of
the interactions occurring within the bone marrow
microenvironment can be envisioned (fig. 3).
Following activation in the GC and differentiation,
plasmablasts migrate to the bone marrow [49]. As
with most immune effector cells, the homing of the
PC to bone marrow is controlled by a potpourri of
adhesion molecules, chemokines and receptors [74].
Plasma cell homing to the bone marrow is
dependent on three chemokine receptors: CXCR3
[21, 75], CXCR4 [41, 76] and CXCR6 [77] which bind
to CXCL9, CXCL12 and CXCL16 respectively.
Following the migration of plasmablasts to bone
marrow , these cells bind to BMSCs which express
vascular cell-adhesion molecule (VCAM-1) via VLA4 [62, 63]. Endothelial-cell selectin (E-selectin) on
the surface of BMSCs will also retain these PCs in
bone marrow by binding to polysaccharides on the
PC’s surface [78]. The interaction of PCs with
BMSCs will signal these cells to produce and release
IL-6 as a survival signal [56]. BMSCs will also
secrete other soluble factors such as IL-5 and TNFα,
which also act as survival signals [19]. In addition,
interaction of the PC with HA in the extracellular
matrix activates CD44 signalling which provides
another survival stimulus for PCs [19]. Further
interactions between PCs and BMSCs via
BAFF/APRIL with BMCA/TACI would also provide
crucial survival signals to LPCs [71, 72]. Therefore,
current data suggests that LPCs are regulated by a
Figure 3. Survival factors which contribute to the
persistence of long-lived PCs in the bone marrow
microenvironment. Following the GC response, PCs
with
somatically-mutated,
class-switched
immunoglobulin leave the germinal centre and home
to bone marrow with the help of CXCR3, CXCR12 and
CXCR16 produced by bone marrow stromal cells. The
expression of V-CAM1 and E-selectin on the surface of
stromal cells retains PCs in bone marrow through
interactions with VLA-4 and polysaccharides on the
surface of the PC. Stromal cells, megakaryocytes or
granulocytes (basophils, eosinophils) provides crucial
survival signals to the PC through IL-6 and the ligands,
B-cell activating factor (BAFF) or a proliferationinducing ligand (APRIL). BAFF/APRIL activates the Bcell maturation antigen (BCMA) or transmembrane
activator and calcium modulator ligand interactor
(TACI) receptors on the PC. CD44 interactions with
hyaluronic acid provide a modest survival signal.
Resident bone marrow dendritic cells may provide a
survival signal via macrophage migratory inhibitory
factor (MIF). The ‘?’ denotes a survival pathway which
requires further experiments for confirmation.
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survival mechanism, i.e., anti-apoptotic signals.
Accordingly, they show a pro-survival phenotype and
gene expression profile (expression of anti-apoptotic
Bcl-2, no CD95 FasR) [10, 11, 47].
A large variety of cells comprise the bone marrow
environment and it is likely that other cell types
besides BMSCs play a role in the persistence of LPCs.
Indeed, a recent series of studies has shown that a
variety of non-stromal cells in the bone marrow megakaryocytes (platelet precursors) [79], basophils
[80]and eosinophils [81] all contribute to LPC
survival. The contribution of these cells to LPC
survival was demonstrated by several in vivo and in
vitro approaches. In these studies, the authors first
showed that these cells could interact with LPCs.
Megakaryocytes were shown to co-localize and
interact with LPCs and that megakaryocytes are an
important source of two LPC survival factors - IL-6
and APRIL [79]. Co-culture of mouse PCs with either
basophils or eosinophils also increases PC survival
and antibody secretion which was dependent on IL-4
and IL-6 (from basophils) [80] or IL-4, IL-6, IL-10,
TNFα and APRIL (from eosinophils) [81, 82]. Next,
depletion of any of these three cell types in mice in
vivo reduced the number of LPCs and significantly
impaired PC responses [79, 80, 81, 82]. Finally,
increasing the number of megakaryocytes by
stimulating megakaryopoiesis in mice (a process
tightly regulated by thrombopoietin and its receptor
c-mpl) resulted in an increased number of PCs and
increased PC persistence.
Finally, two studies have implicated that bone
marrow dendritic cells (bmDCs) could play a role in
the survival of PCs. The first study by Geffroy-Luseau
et al. [83] involved co-culturing plasmablasts with
bmDCs or osteoclasts (a stromal cell-type) in vitro.
The authors observed that dendritic cells only
supported the survival of plasmablasts but were
unable to support PC survival. In contrast, osteoclasts
(a stromal cell-type) could support the survival of
both plasmablasts and plasma cells. By inhibiting
BCMA with antibodies, they demonstrated that
secreted BAFF and APRIL ligands were not involved.
Instead, PC survival was dependent on cell-cell
contact. In another study, Sapoznikov et al. [84]
demonstrated that bmDCs could contribute to the
survival of recirculating mature B cells in bone
marrow through the secretion of macrophage
migration-inhibitory factor (MIF). The authors used
CD11c-diphtheria toxin receptor transgenic mice
which when treated with diphtheria toxin results in
the conditional ablation of bmDCs [85]. Interestingly,
the authors also noted that bmDCs were restricted to
specific perivascular clusters and speculated that
these clusters localized to the same ecological niche
as LPCs. However, neither study characterized the
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role of bmDCs in LPC survival and further
experiments are needed to determine if bmDCs can
contribute to the LPC persistence.
The
current
data
suggest
that
microenvironments within bone marrow function as
ecological niches to provide specific survival signals
promoting the persistence of LPCs. Referred to as
the ‘plasma cell competition model’, this model
describes how the survival of LPCs depends on their
ability to access a survival niche [47]. This ‘search’
is suggested to occur in a completely stochastic
weighted-random manner. The model predicts that
only a limited number of these ecological niches
exist. The number of BMSCs which express VCAM-1
are estimated to be 17% of all stromal cells [86].
This will limit the total pool of LPCs which can be
sustained in bone marrow. Indeed, the number of
PCs in human has been estimated to be 0.1%-1.0%
of bone marrow cells [87] and mouse bone marrow
has been estimated to be able to sustain 106 LPCs
[88]. This raises the question of how the number of
LPCs would be maintained in a stable state over
years of infections, considering that in a single year,
an individual may generate 104-105 new PCs [8].
Thus, the competition model indicates that LPCs
may persist for long periods of time when in a
survival niche, but may be displaced through
competition
with
newly
formed
migratory
plasmablasts [47]. These new cells compete with
older resident LPCs for the finite space available
and any LPCs which are displaced are believed to
be unable to regain localization and subsequently
die due to ER stress. Multiple myeloma could
represent a dysfunction of this system where
available ecological niches to support PC survival
are overtaken by MM cells [35]. Indeed, a common
symptom in MM patients is the decreased
production and increased destruction of normal
antibodies
resulting
in
diffuse
hypogammaglobulinemia [34].
Conclusion
The importance of long-lived plasma cells in
humoral immunity has only been recognized
recently [8]. This has opened a new direction of
humoral immunity research. Our knowledge of
LPCs and how they play a role in humoral immunity
has increased greatly in the past decade. Many
extrinsic factors (cytokines, chemokines, surface
cell-cell molecules) and neighbouring cells within
the survival niche microenvironment have now
been identified. As described above, the principal
factors which govern the immortality of LPCs are
the cytokine IL-6 and the TNF-subfamily ligands,
APRIL and BAFF. Targeting these molecules to
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impair
LPC
survival
could
provide
novel
opportunities for therapeutic intervention in diseases
such as autoimmunity or PC cancers such as multiple
myeloma. However, the ideal therapeutic option
would be the identification of novel LPC-specific
molecules which will allow specific depletion of
pathogenic LPCs in autoimmune diseases. This
remains an important challenge of the future and a
central step towards the development of curative
therapy. Although great strides have been made in
elucidating the regulation of survival of LPCs in the
bone
marrow
microenvironment,
detailed
characteristics of these BM niches (e.g., cell types,
size, accessibility, ontogeny, dynamics) are still not
well defined and require further attention. However,
as paradigms become known, new data and
conclusions emerge to challenge them. No doubt,
these are extremely exciting times for research in B
cell humoral memory as we await further groundbreaking publications in this area.
Acknowledgements
The author wishes to thank Dr. Julie Deans and Dr.
Yan Shi for their helpful comments on the initial draft
of this manuscript as well as Dr. Paul Kubes for being
a great mentor. The author would also like to
acknowledge Alberta Innovates – Health Solutions
(AIHS) for providing the Graduate Studentship
funding support for his graduate studies.

References
1.
2.
3.
4.

5.

6.

7.

8.
9.

Shapiro-Shelef M & Calame K (2005) Regulation of plasmacell development. Nat Rev Immunol 5: 230-242.
Tangye SG (2011) Staying alive: regulation of plasma cell
survival. Trends Immunol 32: 595-602.
Lamm ME (1997) Interaction of antigens and antibodies at
mucosal surfaces. Annu Rev Microbiol 51: 311-340.
Casadevall A, Dadachova E, Pirofski LA (2004) Passive
antibody therapy for infectious diseases. Nat Rev Microbiol 2:
695-703.
Crotty S, Felgner P, Davies H, Glidewell J, Villarreal L, Ahmed
R (2003) Cutting edge: longterm B cell memory in humans
after smallpox vaccination. J Immunol 171: 4969-4973.
Hammarlund E, Lewis MW, Hansen SG, Strelow LI, Nelson
JA, Sexton GJ, Hanifin JM, Slifka MK (2003) Duration of
antiviral immunity after smallpox vaccination. Nat Med 9:
1131-1137.
Amanna IJ, Carlson NE, Slifka MK (2007) Duration of
humoral immunity to common viral and vaccine antigens. N
Engl J Med 357: 1903-1915.
Manz RA, Thiel A, Radbruch A (1997) Lifetime of plasma cells
in the bone marrow. Nature 388: 133-134.
Slifka MK, Antia R, Whitmire JK, Ahmed R (1998) Humoral
immunity due to long-lived plasma cells. Immunity 8: 363372.

7 | Akademeia.ca

10. Yoshida T, Mei H, Dörner T, Hiepe F, Radbruch A, Fillatreau
S, Hoyer BF (2010) Memory B and memory plasma cells.
Immunol Rev 237: 117-139.
11. Elgueta R, de Vries VC, Noelle RJ (2010) The immortality of
humoral immunity. Immunol Rev 236: 139-150.
12. Manz RA, Lohning M, Cassese G, Thiel A, Radbruch A (1998)
Survival of long-lived plasma cells is independent of antigen.
Int Immunol 10: 1703-1711.
13. Smith KG, Hewitson TD, Nossal GJ, Tarlinton DM (1996)
The phenotype and fate of the antibody-forming cells of the
splenic foci. Eur J Immunol 26: 444-448.
14. Radbruch A, Muehlinghaus G, Luger EO, Inamine A, Smith
KG, Dorner T, Hiepe F (2006) Competence and competition:
the challenge of becoming a long-lived plasma cell. Nat Rev
Immunol 6: 741-750.
15. Zinkernagel RM, Bachmann MF, Kundig TM, Oehen S,
Pirchet H, Hengartner H (1996) On immunological memory.
Annu Rev Immunol 14: 333-367.
16. Schooley JC (1961) Autoradiographic observations of plasma
cell formation. J Immunol 86: 331-337.
17. Nossal GJ & Makela O (1962) Autoradiographic studies on
the immune response.I. The kinetics of plasma cell
proliferation. J Exp Med 115: 209-230.
18. Makela O & Nossal GJ (1962) Autoradiographic studies on
the immune response. II. DNA synthesis amongst single
antibody-producing cells. J Exp Med 115: 231-244.
19. Cassese G, Arce S, Hauser AE, Lehnert K, Moewes B,
Mostarac M, Muehlinghaus G, Szyska M, Radbruch A, Manz
RA (2003) Plasma cell survival is mediated by synergistic
effects of cytokines and adhesion-dependent signals. J
Immunol 171: 1684-1690.
20. Auner HW, Beham-Schmid C, Dillon N, Sabbattini P (2010)
The life span of short-lived plasma cells is partly determined
by a block on activation of apoptotic caspases acting in
combination with endoplasmic reticulum stress. Blood 116:
3445-3455.
21. Hauser AE, Debes GF, Arce S, Cassese G, Hamann A,
Radbruch A, Manz RA (2002) Chemotactic responsiveness
toward ligands for CXCR3 and CXCR4 is regulated on
plasma blasts during the time course of a memory immune
response. J Immunol 169: 1277-1282.
22. Miller JJr (1964) An autoradiographic study of plasma cell
and lymphocyte survival in rat popliteal lymph nodes. J
Immunol 92: 673-681.
23. Rastetter W, Molina A, White CA (2004) Rituximab:
expanding role in therapy for lymphomas and autoimmune
diseases. Annu Rev Med 55: 477-503.
24. Edwards JC, Szczepanski L, Szechinski J, FilipowiczSosnowska A, Emery P, Close DR, Stevens RM, Shaw T
(2004) Efficacy of B-cell-targeted therapy with rituximab in
patients with rheumatoid arthritis. N Engl J Med 350: 25722581.
25. Cambridge G, Leandro MJ, Edwards JC, Ehrenstein MR,
Salden M, Bodman-Smith M, Webster AD (2003) Serologic
changes following B lymphocyte depletion therapy for
rheumatoid arthritis. Arthritis Rheum 48: 2146-2154.
26. Vallerskog T, Gunnarsson I, Widhe M, Risselada A,
Klareskog L, van Vollenhoven R, Malmstrom V, Trollmo C
(2007) Treatment with rituximab affects both the cellular
and the humoral arm of the immune system in patients with
SLE. Clin Immunol 122: 62-74.

Liew et al. | Akademeia (2012) 2(1): ea0116
27. Amanna IJ, Carlson NE, Slifka MK (2007) Duration of
humoral immunity to common viral and vaccine antigens. N
Engl J Med 357: 1903-1915.
28. Mesin L, Di Niro R, Thompson KM, Lundin KE, Sollid LM
(2011) Long-lived plasma cells from human small intestine
biopsies secrete immunoglobulins for many weeks in vitro. J
Immunol 187: 2867-2874.
29. O'Connor BP, Gleeson MW, Noelle RJ, Erickson LD (2003)
The rise and fall of long-lived humoral immunity: terminal
differentiation of plasma cells in health and disease. Immunol
Rev 194: 61-76.
30. Strugnell RA & Wijburg OL (2010) The role of secretory
antibodies in infection immunity. Nat Rev Microbiol 8: 656667.
31. Burton DR (2002) Antibodies, viruses and vaccines. Nat Rev
Immunol 2: 706-713.
32. Detmer A & Glenting J (2006) Live bacterial vaccines--a
review and identification of potential hazards. Microb Cell
Fact 5: 23.
33. Goodnow CC, Vinuesa CG, Randall KL, Mackay F, Brink R
(2010) Control systems and decision making for antibody
production. Nat Immunol 11: 681-688.
34. Hartley-Brown MA, Sullivan DM, Baz R. 2010. State-of-the-Art
Management of Complications of Myeloma and Its Treatment.
In Adv Hematol. 1-7.
35. Basak GW, Srivastava AS, Malhotra R, Carrier E (2009)
Multiple myeloma bone marrow niche. Curr Pharm
Biotechnol 10: 335-346.
36. Dörner T, Jacobi AM, Lipsky PE (2009) B cells in
autoimmunity. Arthritis Res Ther 11: 247.
37. Yu D & Vinuesa CG (2010) Multiple checkpoints keep
follicular helper T cells under control to prevent
autoimmunity. Cell Mol Immunol 7: 198-203.
38. Starke C, Frey S, Wellmann U, Urbonaviciute V, Herrmann M,
Amann K, Schett G, Winkler T, Voll RE (2011) High frequency
of autoantibody-secreting cells and long-lived plasma cells
within inflamed kidneys of NZB/W F1 lupus mice. Eur J
Immunol 41: 2107-2112.
39. LeBien TW & Tedder TF (2008) B lymphocytes: how they
develop and function. Blood 112: 1570-1580.
40. 40. Hiepe F, Dorner T, Hauser AE, Hoyer BF, Mei H,
Radbruch A (2011) Long-lived autoreactive plasma cells drive
persistent autoimmune inflammation. Nat Rev Rheumatol 7:
170-178.
41. Hargreaves DC, Hyman PL, Lu TT, Ngo VN, Bidgol A, Suzuki
G, Zou YR, Littman DR, Cyster JG (2001) A coordinated
change in chemokine responsiveness guides plasma cell
movements. J Exp Med 194: 45-56.
42. Muehlinghaus G, Cigliano L, Huehn S, Peddinghaus A,
Leyendeckers H, Hauser AE, Hiepe F, Radbruch A, Arce S,
Manz RA (2005) Regulation of CXCR3 and CXCR4 expression
during terminal differentiation of memory B cells into plasma
cells. Blood 105: 3965-3971.
43. Comerford I & McColl SR (2011) Mini-review series: focus on
chemokines. Immunol Cell Biol 89: 183-184.
44. Hoyer BF, Moser K, Hauser AE, Peddinghaus A, Voigt C, Eilat
D, Radbruch A, Hiepe F, Manz RA (2004) Short-lived
plasmablasts and long-lived plasma cells contribute to
chronic humoral autoimmunity in NZB/W mice. J Exp Med
199: 1577-1584.

8 | Akademeia.ca

45. Ho F, Lortan JE, MacLennan IC, Khan M (1986) Distinct
short-lived
and
long-lived
antibody-producing
cell
populations. Eur J Immunol 16: 1297-1301.
46. Rozanski CH, Arens R, Carlson LM, Nair J, Boise LH,
Chanan-Khan AA, Schoenberger SP, Lee KP (2011) Sustained
antibody responses depend on CD28 function in bone
marrow-resident plasma cells. J Exp Med 208: 1435-1446.
47. Oracki SA, Walker JA, Hibbs ML, Corcoran LM, Tarlinton
DM (2010) Plasma cell development and survival. Immunol
Rev 237: 140-159.
48. Klein U & Dalla-Favera R (2008) Germinal centres: role in Bcell physiology and malignancy. Nat Rev Immunol 8: 22-33.
49. Moser K, Tokoyoda K, Radbruch A, MacLennan I, Manz RA
(2006) Stromal niches, plasma cell differentiation and
survival. Curr Opin Immunol 18: 265-270.
50. Teng G & Papavasiliou FN (2007) Immunoglobulin somatic
hypermutation. Annu Rev Genet 41: 107-120.
51. Peled JU, Kuang FL, Iglesias-Ussel MD, Roa S, Kalis SL,
Goodman MF, Scharff MD (2008) The biochemistry of
somatic hypermutation. Annu Rev Immunol 26: 481-511.
52. Stavnezer J, Guikema JE, Schrader CE (2008) Mechanism
and regulation of class switch recombination. Annu Rev
Immunol 26: 261-292.
53. Sze DM, Toellner KM, Garcia de Vinuesa C, Taylor DR,
MacLennan IC (2000) Intrinsic constraint on plasmablast
growth and extrinsic limits of plasma cell survival. J Exp
Med 192: 813-821.
54. Fooksman DR, Schwickert TA, Victora GD, Dustin ML,
Nussenzweig MC, Skokos D (2010) Development and
migration of plasma cells in the mouse lymph node.
Immunity 33: 118-127.
55. Cassese G, Lindenau S, de Boer B, Arce S, Hauser A,
Riemekasten G, Berek C, Hiepe F, Krenn V, Radbruch A,
Manz RA (2001) Inflamed kidneys of NZB / W mice are a
major site for the homeostasis of plasma cells. Eur J
Immunol 31: 2726-2732.
56. Minges Wols HA, 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: 42134221.
57. Ellyard JI, Avery DT, Phan TG, Hare NJ, Hodgkin PD,
Tangye SG (2004) Antigen-selected, immunoglobulinsecreting cells persist in human spleen and bone marrow.
Blood 103: 3805–3812.
58. Tokoyoda K, Hauser AE, Nakayama T, Radbruch A (2010)
Organization of immunological memory by bone marrow
stroma. Nat Rev Immunol 10: 193-200.
59. Dilosa RM, Maeda K, Masuda A, Szakal AK, Tew JG (1991)
Germnal center B cells and antibody production in bone
marrow. J Immunol 146: 4071-4077.
60. Xie JY, Li MX, Xiang DB, Mou JH, Qing Y, Zeng LL, Yang ZZ,
Guan W, Wang D (2010) Elevated Expression of APE1/Ref-1
and its Regulation on IL-6 and IL-8 in Bone Marrow Stromal
Cells of Multiple Myeloma. Clin Lymphoma Myeloma Leuk
10: 385-393.
61. Roldan E & Brieva JA (1991) Terminal differentiation of
human bone marrow cells capable of spontaneous and highrate immunoglobulin secretion: role of bone marrow
stromal cells and interleukin 6. Eur J Immunol 21: 26712677.

Liew et al. | Akademeia (2012) 2(1): ea0116
62. DiLillo DJ, Hamaguchi Y, Ueda Y, Yang K, Uchida J, Haas KM,
Kelsoe G, Tedder TF (2008) Maintenance of long-lived plasma
cells and serological memory despite mature and memory B
cell depletion during CD20 immunotherapy in mice. J
Immunol 180: 361-371.
63. Schaumann DH, Tuischer J, Ebell W, Manz RA, Lauster R
(2007) VCAM-1-positive stromal cells from human bone
marrow producing cytokines for B lineage progenitors and for
plasma cells: SDF-1, flt3L, and BAFF. Mol Immunol 44: 16061612.
64. Ponta H, Sherman L, Herrlich PA (2003) CD44: from adhesion
molecules to signalling regulators. Nat Rev Mol Cell Biol 4:
33-45.
65. Miyake K, Underhill CB, Lesley J, Kincade PW (1990)
Hyaluronate can function as a cell adhesion molecule and
CD44 participates in hyaluronate recognition. J Exp Med 172:
69-75.
66. Liu Y, Hong X, Kappler J, Jiang L, Zhang R, Xu L, Pan CH,
Martin WE, Murphy RC, Shu HB, Dai S, Zhang G (2003)
Ligand-receptor binding revealed by the TNF family member
TALL-1. Nature 423: 49-56.
67. Hendriks J, Planelles L, de Jong-Odding J, Hardenberg G, Pals
ST, Hahne M, Spaargaren M, Medema JP (2005) Heparan
sulfate proteoglycan binding promotes APRIL-induced tumor
cell proliferation. Cell Death Differ 12: 637-648.
68. Bossen C, Cachero TG, Tardivel A, Ingold K, Willen L, Dobles
M, Scott ML, Maquelin A, Belnoue E, Siegrist CA, Chevrier S,
Acha-Orbea H, Leung H, Mackay F, Tschopp J, Schneider P
(2008) TACI, unlike BAFF-R, is solely activated by oligomeric
BAFF and APRIL to support survival of activated B cells and
plasmablasts. Blood 111: 1004-1012.
69. Kimberley FC, van Bostelen L, Cameron K, Hardenberg G,
Marquart JA, Hahne M, Medema JP (2009) The proteoglycan
(heparan sulfate proteoglycan) binding domain of APRIL
serves as a platform for ligand multimerization and crosslinking. FASEB J 23: 1584-1595.
70. Mackay F & Schneider P (2009) Cracking the BAFF code. Nat
Rev Immunol 9: 491-502.
71. Benson MJ, Dillon SR, Castigli E, Geha RS, Xu S, Lam KP,
Noelle RJ (2008) Cutting edge: the dependence of plasma cells
and independence of memory B cells on BAFF and APRIL. J
Immunol 180: 3655-3659.
72. O'Connor BP, Raman VS, Erickson LD, Cook WJ, Weaver LK,
Ahonen C, Lin LL, Mantchev GT, Bram RJ, Noelle RJ (2004)
BCMA is essential for the survival of long-lived bone marrow
plasma cells. J Exp Med 199: 91-98.
73. Tsuji S, Cortesao C, Bram RJ, Platt JL, Cascalho M (2011)
TACI deficiency impairs sustained Blimp-1 expression in B
cells decreasing long-lived plasma cells in the bone marrow.
Blood 118: 5832-5839.
74. Kunkel EJ & Butcher EC (2003) Plasma-cell homing. Nat Rev
Immunol 3: 822-829.
75. Odendahl M, Mei H, Hoyer BF, Jacobi AM, Hansen A,
Muehlinghaus G, Berek C, Hiepe F, Manz R, Radbruch A,
Dörner T (2005) Generation of migratory antigen-specific
plasma blasts and mobilization of resident plasma cells in a
secondary immune response. Blood 105: 1614-1621.
76. Wehrli N, Legler DF, Finke D, Toellner KM, Loetscher P,
Baggiolini M, MacLennan IC, Acha-Orbea H (2001) Changing
responsiveness to chemokines allows medullary plasmablasts
to leave lymph nodes. Eur J Immunol 31: 609-616.

9 | Akademeia.ca

77. Nakayama T, Hieshima K, Izawa D, Tatsumi Y, Kanamaru A,
Yoshie O (2003) Cutting edge: profile of chemokine receptor
expression on human plasma cells accounts for their
efficient recruitment to target tissues. J Immunol 170: 11361140.
78. Underhill GH, H.A. MW, Fornek JL, Witte PL, Kansas GS
(2002) IgG plasma cells display a unique spectrum of
leukocyte adhesion and homing molecules. Blood 99: 29052912.
79. Winter O, Moser K, Mohr E, Zotos D, Kaminski H, Szyska M,
Roth K, Wong DM, Dame C, Tarlinton DM, Schulze H,
MacLennan IC, Manz RA (2010) Megakaryocytes constitute a
functional component of a plasma cell niche in the bone
marrow. Blood 116: 1867-1875.
80. Rodriguez Gomez M, Talke Y, Goebel N, Hermann F, Reich
B, Mack M (2010) Basophils support the survival of plasma
cells in mice. J Immunol 185: 7180-7185.
81. Chu VT & Berek C (2012) Immunization induces activation
of bone marrow eosinophils required for plasma cell
survival. Eur J Immunol 42: 130-137.
82. Chu VT, Frohlich A, Steinhauser G, Scheel T, Roch T,
Fillatreau S, Lee JJ, Lohning M, Berek C (2011) Eosinophils
are required for the maintenance of plasma cells in the bone
marrow. Nat Immunol 12: 151-159.
83. Geffroy-Luseau A, Jégo G, Bataille R, Campion L, PellatDeceunynck C (2008 ) Osteoclasts support the survival of
human plasma cells in vitro. Int Immunol 20: 775-782.
84. Sapoznikov A, Pewzner-Jung Y, Kalchenko V, Krauthgamer
R, Shachar I, Jung S (2008) Perivascular clusters of dendritic
cells provide critical survival signals to B cells in bone
marrow niches. Nat Immunol 9: 388-395.
85. Jung S, Unutmaz D, Wong P, Sano G, De los Santos K,
Sparwasser T, Wu S, Vuthoori S, Ko K, Zavala F, Pamer EG,
Littman DR, Lang RA (2002) In vivo depletion of CD11c+
dendritic cells abrogates priming of CD8+ T cells by
exogenous cell-associated antigens. Immunity 17: 211-220.
86. Tokoyoda K, Egawa T, Sugiyama T, Choi BI, Nagasawa T
(2004) Cellular niches controlling B lymphocyte behavior
within bone marrow during development. Immunity 20: 707718.
87. Terstappen LW, Johnsen S, Segers-Nolten IM, Loken MR
(1990) Identification and characterization of plasma cells in
normal human bone marrow by high-resolution flow
cytometry. Blood 76: 1739-1747.
88. Haaijman JJ, Schuit HR, Hijmans W (1977) Immunoglobulincontaining cells in different lymphoid organs of the CBA
mouse during its life-span. Immunology 32: 427-434.
89. Good-Jacobson KL & Shlomchik MJ (2010) Plasticity and
heterogeneity in the generation of memory B cells and longlived plasma cells: the influence of germinal center
interactions and dynamics. J Immunol 185: 3117-3125.
90. Delogu A, Schebesta A, Sun Q, Aschenbrenner K, Perlot T,
Busslinger M (2006) Gene repression by Pax5 in B cells is
essential for blood cell homeostasis and is reversed in
plasma cells. Immunity 24: 269-281.
91. Cobaleda C, Schebesta A, Delogu A, Busslinger M (2007)
Pax5: the guardian of B cell identity and function. Nat
Immunol 8: 463-470.

