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Abstract Plasma cells are terminally differentiated B cells that
secrete antibodies, important for immune protection, but also
contribute to any allergic and autoimmune disease. There is
increasing evidence that plasma cell populations exhibit a con-
siderable degree of heterogeneity with respect to their
immunophenotype, migration behavior, lifetime, and suscepti-
bility to immunosuppressive drugs. Pathogenic long-lived plas-
ma cells are refractory to existing therapies. In contrast, short-
lived plasma cells can be depleted by steroids and cytostatic
drugs. Therefore, long-lived plasma cells are responsible for
therapy-resistant autoantibodies and resemble a challenge for
the therapy of antibody-mediated autoimmune diseases. Both
lifetime and therapy resistance of plasma cells are supported by
factors produced within their microenviromental niches. Cur-
rent results suggest that plasma cell differentiation and survival
factors such as IL-6 also signal via mammalian miRNAs within
the plasma cell to modulate downstream transcription factors.
Recent evidence also suggests that plasma cells and/or their
immediate precursors (plasmablasts) can produce important
cytokines and act as antigen-presenting cells, exhibiting so far
underestimated roles in immune regulation and bone homeo-
stasis. Here, we provide an overview on plasma cell biology
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and discuss exciting, experimental, and potential therapeutic
approaches to eliminate pathogenic plasma cells.
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Introduction: plasma cells in immunopathology

For nearly a century, plasma cells had been associated with the
pathogenesis of many different diseases [1]. At that time, it
was known that plasma cells are present in tissues of healthy
individuals but typically increase in numbers around various
pathological lesions. Only much later it was discovered that
plasma cells represent the source for antibodies present in our
body fluids [2]. Although the secretion of protective and
pathogenic antibodies resemble major effector mechanisms
for immune protection and the pathogenesis of autoimmune
and allergic diseases, non-neoplastic plasma cells were not in
the focus of immunology and research between the mid 1960s
and the end of 1990s. During this period, textbooks said that
antibody responses are solely controlled at the level of B-cell
activation while plasma cells were merely believed to be
terminally differentiated short-lived effector B cells that un-
dergo apoptosis within a few days [3]. Only later it was
discovered that plasma cells come in at least two flavors—
short- and long-lived—and that long-lived plasma cells can
provide memory antibodies for years, in the absence of ongo-
ing immune stimulation [4, 5]. Most importantly, long-lived
plasma cells are refractory to immunosuppressive drugs such
as cyclophosphamide or dexamethasone [6, 7]. The produc-
tion of autoantibodies by long-lived plasma cells provides a
rational explanation for the observation that conventional
therapy efficiently suppresses autoantibodies in some patients,
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but not in others, or suppresses autoantibodies in one patient
only incompletely [8]. In addition to their pathogenic role in
autoimmunity, long-lived plasma cells have been shown to
maintain allergy-specific IgE in a mouse model for allergic
asthma [9]. Hence, suggesting that the depletion of pathogenic
long-lived plasma cells is a pre-requisite for a successful cure
of this and possible other allergic diseases.

Despite their resistance to conventional immunosuppres-
sive drugs, long-term survival is not an intrinsic feature of
plasma cells but depends on factors provided by their micro-
environmental niches [10-12]. As discussed below, novel
experimental strategies, allowing for the depletion of patho-
genic long-lived plasma cells, that are able to eliminate path-
ogenic antibody memory include proteasome inhibitors and
drugs that target the plasma cell niche.

There is accumulating evidence that plasma cells and/or
their immediate precursors do not only secrete antibodies but
also cytokines with important functions for the regulation of
immunity and bone homeostasis [13—17]. Moreover, plasma
cells may resemble potent antigen-presenting cells with the
capacity to alter T-cell responses [18]. Possible consequences
of antigen presentation and cytokine production by plasma
cells might be underestimated and have a greater impact on
immunopathology than expected so far.

Plasma cell migration and homing

Specific antibodies and plasma cell populations rapidly de-
cline after the peak immune reaction induced by
immunization/vaccination, but an estimated 10 % of plasma
cells become long-lived and can maintain specific memory
antibodies in serum [4, 5]. B-cell activation and early plasma
cell differentiation mainly takes place within activated lymph
nodes, Peyers patches, and spleen, depending on the localiza-
tion and nature of the antigenic stimulation. Newly generated
plasma cells can leave the secondary lymphoid tissues, tran-
siently circulate through blood and eventually migrate to and
accumulate in deposit tissues [19, 20]. Both the egress from
the secondary tissues and immigration into tissues are highly
regulated by adhesion molecules and chemokines/chemokine
receptors [21]. Emigration of early plasma cells from periph-
eral lymph nodes depends on the expression of befa2 integrin.
The chemokines CXCL9, CXL10, CXCLI11, and CXCL12
(also known as SDF-1) are major attractants for early plasma
cells from lymph nodes and the spleen. CXCR4, the receptor
for CXCL12, is expressed on the precursors of long-lived
plasma cells accumulating in the murine bone marrow and
also on early tetanus-specific plasma cells transiently migrat-
ing through the peripheral blood a few days after vaccination
with the respective antigen [22]. Likewise, B lineage-specific
genetic deletion of the CXCL12 receptor CXCR4 in mice results
in a drastic delay in the accumulation of immunization-induced
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plasma cells in the bone marrow, as well as to an altered plasma
cell localization within the splenic red pulp [3]. Plasma cell
homing to the bone marrow also involves the adhesion mole-
cules LFA-1 and VLA-4 and sphingosine-1-phosphate (S1P)
receptor-1 [21, 23]. Combined blockade of LFA-1 and
VLA-4, but not of one of these molecules, depletes
plasma cells from the bone marrow and leads to a
partial loss of specific antibodies [23], indicating that adhesion
molecules play important but redundant functions for the
retention of plasma cells within this tissue.

CXCL9, CXL10, and CXCLI11 resemble inflammatory
cytokines that signal via their common receptor CXCR3. This
receptor is expressed on subpopulations of plasma cells from
normal donors and autoimmune patients as well as on murine
plasma cells in various models [24-26]. Genetic deletion of
CXCR3 considerably reduced lymphocyte infiltrations, ne-
phritis, and tissue damage in the MRL/Ipr mice, a model for
lupus nephritis [27], suggesting that CXCR3 and its ligands
resemble promising therapeutic targets for the treatment of
this disease. However, the beneficial effect of CXCR3 abla-
tion in MRL/Ipr mice was mediated through the suppression
of the accumulation of inflammatory IFN-gamma and IL-17-
producing T cells within the kidneys. A possible direct effect
on the migration and homing of pathogenic plasma cells was
not tested. In contrast to the observations in MRL/lpr mice,
CXCR3 ablation had no therapeutic effect in NZB/W mice,
another model for lupus nephritis [25]. The inflamed kidneys
and the spleen resemble a major site of accumulation and
persistence of plasma cells in this model [28]. Despite the fact
that approximately 40 % of plasma cells and effector T cells,
present within the inflamed kidneys of NZB/W mice, express
CXCR3 [26], CXCR3 deficiency did neither result in a re-
duced plasma cell nor T-cell infiltrates. Older CXCR3-
deficient NZB/NZW mice also exhibited a massive kidney
pathology similar to that seen in CXCR3-competent NZB/
NZW mice. Interestingly, during renal disease onset, the total
and autoreactive IgG1 serum antibodies were transiently re-
duced in CXCR3-deficient NZB/W mice to approximately
50 % of that in CXCR3-competent NZB/W mice. In contrast,
antibodies of other subclasses were not affected [25]. Hence,
suggesting that CXCR3 may also permit another so far un-
known function during establishing an antibody response.

Of note, these findings do not exclude a role for CXCR3
and its ligand for the attraction of migratory plasma cells (and
T cells) to the inflamed kidneys. Attraction by ligands for
other chemokine receptors may substitute for the loss of
CXCR3 signaling. Candidates are CCR2 and CXCR4. Plasma
cells can express the chemokine receptor CCR2 that mediates
migration towards the inflammatory chemokine “monocyte
chemoattractant proteinl” (CCL2). This chemokine is upreg-
ulated in serum and urine of lupus patients [29, 30]. However,
in our studies, we could not demonstrate plasma cell
migration towards CCL2 [3], and another study suggested
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that CCR2-mediated signals suppress immunoglobulin pro-
duction rather than mediating plasma cell migration [31].
Thus, despite plasma cells expressing CCR2, a role for
CCR2 in mediating plasma cell migration remains to be
established. Since apart from CXCR3, CXCR4 is the only
chemokine receptor that mediates the chemoattraction of plas-
ma cells newly generated in systemic immune responses, and
because the CXCR4 ligand CXCL12 is expressed in the
glomeruli of NZB/W mice (Manz unpublished results), we
speculate that CXCR4 permits the accumulation of CXCR3-
deficient plasma cells in this mouse model. The roles of these
chemokines and their cognate receptors in the inflammatory
lesions of human diseases still need to be elucidated.

Both immunization/vaccination via the parenteral and mu-
cosal routes induce migratory plasma cells transiently found in
the peripheral blood. The relative contribution of systemic-
and mucosal-derived migratory plasma cells depends on the
immunization and health status. Under physiological condi-
tions, the great majority of plasma cells found in the peripheral
blood of healthy donors are derived from mucosal immune
responses. However, approximately 1 week after parenteral
tetanus/diphtheria vaccination, vaccine-specific plasma cells
that migrate to the bone marrow and possibly also to inflamed
tissues transiently dominate the pool of peripheral blood plas-
ma cells [32]. Plasma cells induced by B-cell activation within
mucosa exhibit distinct adhesion molecule and chemokine
receptor expression profiles, mediating their preferential re-
location to mucosa [33].

Tissue specific heterogeneity of plasma cell properties
and phenotypes

Efficient rituximab-mediated B-cell depletion results in the
eradication of some, but not all, autoantibodies [8]. Moreover,
antibodies to vaccine antigens are completely stable for at
least 1 year after initial treatment, even in the complete ab-
sence of B cells in the peripheral blood. These results indicate
that long-lived plasma cells that can provide persistent anti-
body production in the absence of B cells and continuous
plasma cell formation also exist in humans, as it had been
demonstrated before in mice. The presence of functionally
distinct plasma cell subtypes such as short- or long-lived cells
is reflected by a high degree of heterogeneity of antibody-
secreting plasma cells present in different tissues and also
among the plasma cell population within the same tissue
[34, 35]. Tonsilar plasma cells exhibit the typical phenotype
of an early plasma cell stage which still expresses high levels
of the B-cell markers CD19 and CD20 and CD22 [34].
Antibody-secreting cells in this tissue also exhibit heteroge-
neity in the expression of CD38, a marker often used to define
human plasma cells [35]. Tonsilar plasma cells express very
low levels of Bcl-2, suggesting that these cells are prone to

apoptosis and may mainly represent short-lived plasma cells.
In contrast, the bone marrow plasma cells uniformly exhibit
Bcl-2 expression at high levels [34]. Hence, they are likely to
represent long-lived cells, as it had been shown for the murine
bone marrow plasma cells [4, 5]. Nevertheless, subpopula-
tions exist even within the bone marrow plasma cell compart-
ment, as evidenced by the existence of populations showing
distinct expression levels of CD19, heterogeneic expression of
CD9, and cell size [35].

The nature of splenic plasma cells is even less clear. Based
on some morphologic, molecular, and functional characteris-
tics, they share with the bone marrow plasma cells; it had been
postulated that human splenic plasma cells also contain long-
lived cells [36]. Indeed, murine spleens contain considerable
proportions of long-lived plasma cells (Manz et al, unpub-
lished observation). Precursors of long-lived plasma cells
induced after immunization in adult mice mostly leave the
spleen to find a survival niche in the bone marrow [3]. It is
possible that long-lived plasma cells in the spleen are formed
early in life but not later. However, this idea needs to be further
elucidated. Also, little is known about the phenotype of plas-
ma cells in human gut-associated tissues. A recent study
showed that intestinal IgA-producing plasma cells in mice
contain at least two functionally distinct subsets of CD11b-
positive and CD11b-negative cells. The former are found in
Peyer’s patches, but not in the lamina propria mediating the
carly phase of the intestinal IgA responses induced by oral
immunization with protein antigen. CD11b-positive IgA-
secreting plasma cells are also found in the systemic compart-
ments of the mouse, e.g., in the spleen, but these cells seem to
exhibit other immunological characteristics than those of the
CDl11b-positive plasma cells in the intestine [37]. In conclu-
sion, plasma cells exhibit a considerable degree of heteroge-
neity. The relevance and function of the distinct plasma cell
subtypes are not completely understood. In particular, their
roles in immune protection and/or the production of patho-
genic antibodies, their susceptibility to immunosuppressive
therapy, and the role their niches within their various deposit
tissues play for the development of these plasma cell subpop-
ulations need to be further elucidated.

Survival niches

Survival of pathogenic plasma cells even under therapy is so
far an unsolved problem [38]. The anti-apoptotic factors
supporting the persistence of long-lived plasma cells within
their niches are likely to protect them also during therapy [20].
Studies in mice indicate that the great majority of long-lived
plasma cells induced after vaccination/immunization reside in
the bone marrow [3—5]. There is some evidence that long-
lived plasma cells are also present in human spleens from
healthy donors [36]. In mice, immunization induces very
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few long-lived plasma cells that are found in spleen months
after immunization [4]. In contrast, spleens from the F1 gen-
eration of crosses between New Zealand Black and New
Zealand White (NZB/W) mice which spontaneously develop
hypergammaglobulinemia and a lupus-like disease contain 1—
2 % of plasma cells, with a large proportion resembling long-
lived cells [6], some of them producing autoantibodies to
dsDNA. In patients suffering from SLE and mouse models
of this disease, plasma cells can be also detected within the
inflamed kidneys [28]. Bromodeoxyuridine (BrdU) incorpo-
ration experiments in mice indicate that many of them resem-
ble long-lived cells [39]. Aside from the spleen and bone
marrow, plasma cells can also reside in other chronically
inflamed tissues. In the CNS in induced multiple scle-
rosis [40], in the lung during chronic airway inflamma-
tion induced by allergy [9], in the salivary glands of
patients with Sjogrens syndrome [41], as well as in the
synovium in rheumatoid arthritis [42].

The needed factors for plasma cells to survive in these
tissues are provided by their microenvironmental niches with-
in the various deposit organs. Distinct cellular and molecular
compositions of plasma cell survival niches and differential
availability of survival factors provide a likely explanation for
the tissue-specific variations of plasma cell half-lives in splen-
ic red pulp, bone marrow, and lamina propria of the intestine
as determined by BrdU incorporation experiments [43].

The so far best characterized niche supporting plasma cell
growth and survival lies within the bone marrow. This niche
seem to provide an optimal combination of survival factors
relevant for plasma cells and may be crucial for maintaining
protein-specific antibodies induced after immunization/
vaccination and infection and also for the production of
therapy-resistant autoantibodies [7]. Fibroblast-like stromal
cells expressing high levels of the chemokine CXCL12 were
the first component of plasma cell niches to be identified.
These cells differ from other stromal cells by a distinct cyto-
kine expression profile [20]. More recent results show that in
addition to stromal cells, hematopoietic lineage cells such as
macrophages, dendritic cells, megakaryocytes, and eosino-
phils also contribute to the function of these
microcompartments [11, 12, 44, 45]. These hematopoietic
cells represent a second component of plasma cell niches,
essential for their function [46]. Whether these distinct hema-
topoietic cells provide specific functions within plasma cell
niches or can substitute for each other remains unclear. Some
experiments indicate that their roles may change during on-
togeny and differ between tissues [11, 44, 45]. In inflamed
tissues, the survival factors are considered to be produced
either by immune cells attracted to the inflammation or by
epithelial cells activated by the inflammation. For instance,
dendritic cells, monocytes/macrophages, and neutrophils are
capable of IL6 and/or proliferation-inducing ligand (APRIL)
production. Inflamed lymph nodes of immunized mice show
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high levels of APRIL, TACI, BCMA, and CXCL12 mRNA in
the medullary cords, where plasma cells reside during anti-
body production. These factors are considered to be produced
by Grl + CD11b + F4/80 + monocyte/macrophages [45],
creating the microenvironment needed for prolonged plasma
cell survival. If mouse lymph nodes are chronically inflamed,
autoreactive plasma cells can even survive for several weeks
to months as we have recently shown in an autoimmune
model for epidermolysis bullosa acquisita (Manz and Tiburzy,
unpublished results).

Plasma cells can also be generated and show prolonged
survival in inflamed non-lympbhatic tissues, like the synovial
tissues of rheumatoid arthritis patients and the salivary glands
in Sjogren’s syndrome [47]. In Sjogrens syndrome, the ductal
epithelium and acini of the salivary glands can express high
levels of CXCL12, while IL-6 is provided by interstitial cells,
creating a survival niche for non-proliferating plasma cells
[41]. In rheumatoid arthritis, plasma cells reside in niches
provided by the inflamed synovial tissue [42], providing an
environment rich in APRIL produced by infiltrating neutro-
phils and macrophages [48].

There are distinct types of plasma cell niches that provide the
discussed factors necessary for plasma cell survival, even within
a given tissue, as indicated by our recent finding that plasma
cells that produce antibodies of the IgA subclass are found in
other niches in the bone marrow than plasma cells that produce
IgM antibodies [11]. Distinct cellular and molecular composi-
tions of plasma cell survival niches and differential availability
of survival factors provide a likely explanation for the tissue-
specific variations of plasma cell half-lives in the splenic red
pulp, bone marrow, and lamina propria of the intestine as
determined by BrdU incorporation experiments [43].

Plasma cells in mucosal tissues

Although IgG represents the main isotype in the serum, anti-
bodies of IgA isotype are produced in higher quantities [3]. In
a steady state, the main fraction of antibody-secreting cells
circulating in the peripheral blood is derived from mucosal
immune responses [32]. IgA present in the mucus layer serves
as a first line of immune defense against pathogen invasion
through mucosal surfaces: it neutralizes pathogenic microbes
and their products, e.g., toxins, acts as a barrier for commensal
bacteria [49], and seem to be involved in the induction of
tolerogenic dendritic cells [S0]. However, mucosal plasma
cells can also produce IgA autoantibodies that contribute to
immune disorders such as celiac disease [51] and autoimmune
blistering skin diseases [52]. Class switch of B cells to IgA is
induced in isolated lymphoid follicles, Peyer’s patches, and
mesenteric lymph nodes. Factors like TGF-8 and APRIL are
abundant in these tissues and promote class switching of
plasma cell precursors to IgA [53]. Mucosal IgA +



Semin Immunopathol (2014) 36:277-288

281

plasmablasts originating from Peyer’s patches migrate to the
mesenteric lymph nodes via lymph vessels and then enter the
blood circulation through the thoracic duct to the home to the
diffuse lamina propria. The chemokine receptors CCR9 and
CCR10 on plasmablasts are responsible for homing to the
small and large intestine, respectively, and mucosal
plasmablasts express the mucosa-specific adhesion molecule
o4R7 [19]. Another fraction of IgA + plasma cells is not
induced in Peyer’s patches but generated locally within the
lamina propria, without the need for re-circulation [54]. A
recent study has described that some lamina propria plasma
cells are able to produce tumor necrosis factor (TNF)-oc and
inducible nitric oxide synthase (INOS), revealing an unex-
pected heterogeneity in the antibody-secreting cell compart-
ment in the gut [55].

IgA production by mucosal plasma blasts critically de-
pends on the presence of gut microbiota in the gastrointestinal
tract [49]. Moreover, the gut flora has been shown to influence
the IgA repertoire, leading to diverse, unique repertoires with
a low degree of overlap between individuals at least in the
murine system [56]. However, little is known about the reac-
tivity of antibodies generated in mucosal immune responses.
Cloning and in vitro expression of antibodies from ileal plas-
ma blasts of healthy donors revealed that the majority of IgA-
and also IgG-secreting plasma blasts were generated in re-
sponse to intestinal microbes. The majority of mucosal anti-
bodies were somatically mutated, and their sequences showed
evidence of antigenic selection, indicative of their generation
in mucosal immune responses. Interestingly, a fraction of
these plasma blasts also secreted self-reactive antibodies
[57], some of them were directed against tissue structures in
the intestine. In a recent study, the antibody repertoire from the
intestinal plasma blasts of patients with celiac disease was
analyzed. This chronic inflammatory disease is characterized
by the presence of antibodies against transglutaminase 2
(TG2) in the serum and intestine, which are used as a diag-
nostic marker. In line with this, the frequency of TG2-specific
antibody-secreting cells was significantly expanded in the
small intestine lamina propria of patients with active disease.
Although these self-reactive antibodies bound TG2 with a
high affinity, they showed a rather low degree of somatic
hypermutation, indicating that the germline repertoire in these
individuals is decisive in the generation of autoreactive plas-
ma cells in these patients [51]. The authors suggested the
TG2-specific antibody-secreting cells in the lamina propria
to be rather long-lived. This conclusion is based on the obser-
vations that these cells lack the proliferation marker Ki-67and
that TG2-specific plasma blasts could not be detected in the
peripheral blood of those patients. Although the exact lifetime
of plasma cells generated in mucosal immune responses has
not been determined yet, there is evidence from the murine
system that long-lived plasma cells may be present in the
intestine [58, 59]. However, after intestinal plasma cells have

been depleted in mice using bortezomib, the intestine was re-
colonized with plasma cell clones that were identical to the
previously depleted ones. This could be explained by the rapid
differentiation of intestinal memory B cells into antibody-
secreting cells that replenish plasma cells present in the lamina
propria [56]. In line with this, a population of «437 + memory
B cells has been shown to be present for at least 9 months in
Peyer’s patches of the small intestine after rotavirus infection
in mice [60]. The presence of memory B cells in mucosa
associated lymphoid tissues and their prominent role in pre-
serving an individual’s antibody repertoire may have implica-
tions for the design of therapeutic strategies against
autoreactive plasma cells in these tissues.

Plasma cell susceptibility to existing and experimental
therapies

Drug-based standard therapies often fail to completely elimi-
nate pathogenic autoantibodies [7, 38, 61, 62]. A promising
novel strategy that eliminates mature plasma cells is small
molecule-mediated proteasome inhibition. Treatment with the
proteasome inhibitor Velcade/bortezomib showed very prom-
ising results in mouse models for systemic autoimmune lupus,
ANCA-induced murine glomerulonephritis, and experimental
autoimmune myasthenia gravis in rats [63—65]. Preliminary
results testing this strategy in patients with refractory autoim-
mune disease are also promising, indicating that plasma cell
depletion provides a reasonable approach to treat antibody-
mediated autoimmune diseases [38].

However, its relative severe side effects prevent Velcade/
bortezomib from application in most patients that do not suffer
from an acute, life-threatening disease. Development of novel
proteasome inhibitors which promise less site effects are on
their way, but not all of them seem to have the same profound
capacity to deplete long-lived plasma cells than was initially
reported for Velcade/bortezomib [66].

In order to serve the needs for more specific therapies that
deplete pathogenic antibodies, the humanized monoclonal
antibody rituximab that targets the B-cell specific molecule
CD20 has been approved for the treatment of various autoim-
mune diseases such as rheumatoid arthritis or anti-neutrophil
cytoplasmic antibody-associated vasculitides. An alternative
to this approach is belimumab, a drug that blocks BAFF. This
reagent is licensed for the treatment of active, seropositive
SLE. Both rituximab and belimumab efficiently eliminate
activated B cells, early plasma cell stages, and prevent plasma
cell formation. However, as described above, CD20 is
completely downregulated during plasma cell differentiation.
Accordingly, like current drug-based standard therapies, ritux-
imab and belimumab fail to eliminate long-lived plasma cells.
Based on the observation that even mature plasma cells retain
various high or low levels of CD19 expression, therapeutic
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anti-CD19 antibodies are promising candidates to directly
target pathogenic plasma cells [67]. As discussed below, the
therapeutic manipulation of plasma cell niches may offer
alternative and much milder approaches for the treatment of
antibody-mediated autoimmune diseases and may possibly
also allow the elimination of allergen-specific IgE.

Plasma cell niches as potential therapeutic targets

The supportive environment of their niche—i.e., the local
production of anti-apoptotic survival factors—is likely to
protect mature plasma cells from conventional therapy [20,
38]. Potent anti-apoptotic factors for human and murine plas-
ma cells are IL-6 and CXCL12, signaling via CD44 and the
“B-cell maturation antigen” (BCMA), a receptor for the cyto-
kines’ APRIL and “B-cell activating factor” (BAFF) [10, 68].
While B cells express the receptors for IL-6, CXCL12, and
CD44, BCMA is absent on B cells, but upregulated during
their terminal differentiation into plasma cells. BCMA-
deficient mice show a normal formation and expansion of
antigen-induced plasma cell populations in secondary lym-
phoid tissues, but exhibit a 70 to 80 % reduction of
immunization-specific plasma cells accumulating in the bone
marrow [68]. Studies in APRIL- and BAFF-deficient mice
showed that APRIL, but not BAFF, is required for generating
anormal bone marrow plasma cell compartment [44]. Togeth-
er, these studies indicate an essential role for APRIL-mediated
BCMA signaling for the formation and/or survival of bone
marrow plasma cells. Mice deficient for IL-6 exhibit a con-
siderable delay in the formation of the immunization-induced
population of bone marrow plasma cells, while their capacity
to sustain plasma cell survival is not much impaired [10].
Hence, IL-6 is not required for long-term plasma cell survival
in vivo, but its profound capacity to suppress plasma cell
apoptosis might be crucial for the survival and expansion of
early plasma cells and for the abnormal expansion of plasma
cell populations, as observed under some pathogenic condi-
tions, such as autoimmune lupus.

Importantly, as independently shown by us and others, the
composition of distinct plasma cell niches offers novel options
to manipulate plasma cell populations and antibody responses:
(I) Very recently, the group of Claudia Berek showed that
eosinophils produce large quantities of the major plasma cell
survival factor APRIL and contribute to the formation of
plasma cell niches. Accordingly, a single injection of an
antibody that specifically depletes eosinophils led to a 50 %
drop in plasma cell numbers in the bone marrow, the major
site for the production of memory antibodies [12]. (II) Addi-
tionally, our group demonstrated that megakaryocytes also
contribute to at least 30 % of plasma cell niches in this organ
and that injection of thrombopoietin—a megakaryocyte-
specific growth factor—boosts antibody responses because it
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allows newly formed plasma cells to home to the bone marrow
and persist there in increased numbers [11]. Together, these
results provide a first line of evidence and the proof-of-
principle that plasma cell niches represent a promising target
to suppress pathogenic antibodies that are not sufficiently
suppressed by current therapies. Importantly, eosinophil and
megakaryocyte deficiencies lead to a specific reduction of
plasma cells in the bone marrow, but not in other tissues.
Hence, the therapeutic targeting of their niches may offer the
possibility to deplete plasma cells in a tissue-specific manner.

MicroRNA regulation of plasma cells

As discussed below, plasma cell survival factors such as IL-6
and CXCL12 provide anti-apoptotic signals via mammalian
microRNAs (miRNAs), indicating that these pathways repre-
sent potential therapeutic targets for the suppression of path-
ogenic antibodies. Since their discovery, miRNAs have
emerged as critical regulators of many cellular processes
including the development, differentiation, and survival of
immune cells by post-transcriptional gene regulation [69].
miRNAs are endogenously encoded 19-23 nucleotides long,
in many cases evolutionary conserved, single-stranded RNAs,
and several of them exhibit highly specific, regulated expres-
sion patterns. They bind partially complementary to their
target sequences and thereby causing the downregulation of
the target by either translational repression or degradation.
Deletions or dysregulated expression of individual miRNA
species are associated with altered cellular functions and con-
sequently with immune defects and malignancies. In the last
years, a fraction of miRNAs was identified to be important in
many aspects of plasma cell biology. The highly conserved
miRNA-155, which is encoded within the B-cell integration
cluster (bic) and expressed at high levels in germinal center
(GC), was described to be elementary in B-cell immunity [70].
Mice harboring a germline deletion of miR-155 show a de-
fective extracellular response for switched isotypes to both
thymus-independent (TI) and thymus-dependent (TD) anti-
gens including decreased numbers of GC B cells, decreased
memory B cells, reduced IgG1 production, and decreased
IgG1 + plasma cells in the bone marrow [71, 72]. Molecular
mechanisms responsible probably include the target proteins
AID, SHIP1, HGAL, and PU.1 [72-75]. Along with miR-
155, the members of the miRNA cluster miR-125b and miR-
125a are preferentially expressed by actively proliferating
centroblasts within GC, and particular miR-125b affects plas-
ma cell differentiation and survival by targeting the transcrip-
tion factors BLIMP-1 and IRF4 [76]. Another plasma cell-
relevant miRNA, miR-24-3p, is highly conserved and strong-
ly expressed in human B cells, plasma blasts (Pb), and plasma
cells as well as in myeloma cells, a neoplasm of mature plasma
cells specifically residing within the bone marrow. Functional
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studies revealed an anti-apoptotic function of mature miR-24-
3p in plasma cells. Similarly, miR-24-3p expression becomes
upregulated by IL-6 and CXCL12, both part of the bone
marrow survival niche, and is associated with IL-6-mediated
survival under endoplasmic reticulum (ER) stress conditions.
One possible mechanism on how miRNA-24-3p contributes
to plasma cell survival is suggested in directly targeting the
mitochondrial and ER stress-induced protein Bim [77].

In the last years, it has become clear that the dysregulation
of miRNA expression and function, caused by mutations,
epigenetic inactivation, and gene amplification, is associated
with plasma cell malignancies and autoimmunity [78]. In
current genome-wide expression studies, a potential associa-
tion between genetic abnormalities and miRNA expression in
multiple myeloma was described. Multiple myeloma, charac-
terized by the accumulation of clonal malignant plasma cells
in the bone marrow, abnormal Ig production, and severe bone
lesions. Serial studies identified, e.g., the miR-17~92 cluster,
miR-19a, 19b, miR-21, and miR-181a/b as important regula-
tors of myeloma transformation, proliferation, and survival by
targeting SOCS-1, Bim, E2F1, and other genes critical in
pathogenesis [79-81]. Mice engineered for the high expres-
sion of the miR-17~92 cluster in lymphocytes developed
lymphoproliferative disease and autoimmunity. Strong repres-
sion of the tumor-suppressor PTEN and anti-apoptotic Bim
through miR-17~92-mediated silencing led to increased pro-
liferation and less apoptosis parental for the development of
both lymphoproliferative disease and autoimmunity [82]. An-
other prominent miRNA mechanism in myeloma biology
represents the p53-mediated miRNA regulation. The p53-
induced miRNAs 194, 192, and 215 have been reported to
be downregulated in the subsets of newly diagnosed multiple
myeloma (MM) and to modulate the expression of MDM2, a
negative regulator of p53. Enhanced expression of these
miRNAs reinforced p53 activity and was associated with
impaired myeloma cell growth. Additional to their role in
the p53-mediated regulation of myeloma development, miR-
215 and miR-192 prevent the increased migration of plasma
cells to the bone marrow by targeting the members of the IGF
pathway [83]. Although in the last years, many links between
miRNAs and malignancy emerged, important questions re-
main open to clearly define the mechanisms of miRNA-
induced silencing in MM.

In contrast to their role in plasma cell neaoplasm, the role of
miRNAs in plasma cell-mediated chronic inflammatory dis-
ease and autoimmunity is almost unknown. Several miRNAs
were identified as markers in a variety of autoimmune dis-
eases, but many of them address T-cell function. To date, only
a few are known to be associated with plasma cell-mediated
autoimmunity. Conditional deletion of the endoribonuclease
dicer in murine B cells causes an overrepresentation of tran-
sitional and marginal zone (MZ) B-cell compartments with the
simultaneous reduction of follicular B cells. Impaired

generation of follicular B cells is supposed to be a result of
reduced BCR signaling as a consequence of Btk downregula-
tion through miR-185. Furthermore, dicer deletion in mature
B cells led to a skewed Ig repertoire, and female mice devel-
oped an autoimmune disease with high titers of autoantibodies
in serum and severe progression [84]. Recently, a miR-146a
null mouse has been described to develop a severe autoim-
mune disorder with enlarged spleen and lymph nodes, high
autoantibody titers against double-stranded DNA together
with increased B- and T-cell activation [85]. MiR-146a is
suggested to be involved in the pathogenesis of other autoim-
mune diseases like rheumatoid arthritis (RA) and systemic
lupus erythematosus (SLE) Patients with RA have high
amounts of miR-146a in their synovial tissue compared to
patients with osteoarthritis and normal tissue [86, 87]. Fur-
thermore, Tang et al. found out that miR-146a expression in
blood leukocytes of patients suffering from SLE leads to an
abnormal activation of the type I IFN pathway. In the same
study, miR-146a was identified to be a regulator of multiple
IFN signaling proteins, including TLR-7/-9, STATI, and
TRAF6/IRAK-1 and as a potential biomarker for disease
activity [88]. MiR-146a is one of the best characterized
miRNAs, but a defined role in plasma cell-mediated
autoimmunity is not clearly determined. Future studies
will certainly reveal additional links between the mech-
anisms of miR-146a-mediated gene silencing and other
still unknown miRNAs and development/progression of
PC-mediated autoimmune disease.

The role of miRNAs in plasma cell- mediated autoimmu-
nity, chronic inflammatory disease, and malignancy is an area
of intensive research with high potential for the development
of new therapeutic strategies. But many questions, addressing
the understanding of miRNA biology in plasma cells, remain
open. First, which single miRNAs or miRNA clusters are
involved in fundamental cellular processes, whose dysregula-
tion leads to pathogenesis? A second question is how miRNA
expression and turnover are regulated in general. Insights into
these processes will help us to understand how miRNA-
induced silencing by a given miRNA is able to regulate
specific expression programs without affecting another. For
example, future investigations in miRNA-mediated regulation
of specific survival pathways in autoreactive or malignant
plasma cells could provide new ways for drug targeting,
e.g., by the identification of novel key factors associated with
pathogenicity. To date, there are promising approaches for the
use of miRNAs as therapeutic agents. The use of chemically
engineered oligonucleotides to inhibit the function of
dysregulated miRNA species is one possible approach
for miRNA-based therapy [89]. A major limitation in
the use of the so-called antagomirs is the transfer into
target cells. To date, viral vector-based delivery as well
as the use of chemically modified RNA molecules are
under intensive research.
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Another role of miRNAs is their use as biomarkers for
disease characterization, stage, and prognosis. Thus, recent
comparative examinations of miRNA expression patterns in
multiple myeloma revealed that the high expression of miR-
15a, miR-16-1, and miR-17~92 cluster is linked to a shorter
progression-free survival and general prognosis [90].

Plasma cells as cellular modulators of immunity and bone
homeostasis

In recent years, B lineage-derived cytokine production has
gained much attention, but which B-cell subpopulations actu-
ally produce these cytokines often remained obscure. Current
evidence suggests that at least in some cases, the phenotype of
the cytokine producing B cells resembles that of plasma cells/
plasmablasts [14—17]. Many different studies have suggested
that B cells regulate adaptive immunity by the provision of
cytokines [91]. While B cells have been shown to produce
different cytokines like IL-6 [92], IL-17[17], IL-12 [93], OPG
[14], and TGF-beta [13], the most extensively studied B cell-
derived cytokine in mouse models as well as in humans is IL-
10. The IL-10-expressing B cells have been termed “regula-
tory B cells” since they can negatively regulate immune
responses [94] mainly by the provision of IL-10, a known
immune regulatory cytokine [95, 96]. Regulatory B cells have
been shown to attenuate many inflammatory and autoimmune
conditions in different mouse models and in humans [95, 97].
The regulatory role played by B cells can also explain the
exacerbated disease observed after rituximab treatment in
humans in the case of ulcerative colitis and psoriasis and also
in a mouse model for multiple sclerosis. Different phenotypes
have been associated with the immunoregulatory functions of
B cells [98]. However, whether they resemble distinct immu-
noregulatory B cell subtypes or rather certain developmental
stages remains to be elucidated. Interestingly, one prominent
mouse regulatory B-cell type characterized by an
CD1dhiCD5+CD19%hi phenotype was shown to resemble
plasma cell precursors [16].

Other studies provide evidence that IL-10 expression is not
only detectable in plasma cell precursors but is also main-
tained at least to an early plasma cell stage [13, 15]. In an
attempt to convert naive spleen B cells from mice into regu-
latory B cells using a fusokine of GM-CSF and IL-15 called
GIFT-15, it was shown that the developed regulatory B cells
upregulated the plasma cell marker CD138 and downregulat-
ed the transcription factor PAXS which is required for the
development and maintenance of a B-cell phenotype but lost
in plasma cells [99]. In another study, by using the IL-10
transcriptional eGFP-reporter VertX mice, it was shown that
B cells with plasmablasts/plasma cell phenotype predominant-
ly express IL-10 in peripheral lymphoid tissues [15]. IL-10
expressing plasmablasts/plasma cells were found already in
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naive mice but in much higher quantities after challenges with
LPS, CpG, goat anti-mouse IgD, or during mouse cytomega-
lovirus (MCMV) infection. Among B-cell subpopulations, the
fraction of cells expressing eGFP was highest in CD138 +
plasma cells/plasmablasts. In the same study, the lack of B
cell-derived IL-10 increased virus specific CD8" T cells and
plasma cell numbers during MCMYV infection. Hence, sug-
gesting that the IL-10 from plasma cells has an impact on the
cytotoxic T cell response. Whether IL-10 from plasmablasts/
plasma cells acts directly on T cells or provides an immune
regulatory activity at the level of other antigen-presenting cells
is not yet known. IL-10 + CD138hi plasma cells also devel-
oped in mice 1 day post-Salmonella infection. Mice lacking
IL-10 specifically in B cells displayed an improved survival
after infection with this pathogen. Together, these data suggest
that IL-10 from plasma cells may suppress immunity against
the infection [100]. Apart from infection models, the IL-10 +
plasma cells were observed in Lyn kinase-deficient mice that
develop an autoimmune disease similar to SLE [101]. In IL-10
reporter lyn knockout mice, CD138hi plasma cells again were
the major producers of IL-10. Adoptive transfer of CD19 + B
cells from WT but not from IL-10 knockout mice reduces the
lupus-like disease in lyn knockout mice suggesting that the
protective effect from B cells is IL-10-dependent. The obser-
vation that among B lineage cells, plasma cells are the dom-
inant source of IL-10 suggests that plasma cell-derived IL-10
mediates a so far unrecognized immunomodulatory function.
Consistent with the finding that normal plasma cells produce
IL-10, elevated IL-10 levels were observed in multiple mye-
loma patients, and this cytokine was found to be expressed by
various myeloma cell lines [102]. Whether the myeloma-
derived IL-10 contributes to the increased susceptibility of
myeloma patients to bacterial infections needs to be further
elucidated. Apart from IL-10, plasma cells have been shown
to secrete TGF-betal [13], another immunoregulatory cyto-
kine known to suppress the activity of various lymphoid and
hematopoietic cells [103].

B lineage cells also contribute to bone homeostasis by the
provision of osteoprotegerin (OPG), also called
osteoclastogenesis-inhibitory factor. It was shown that 64 %
of bone marrow OPG in mice is expressed by B cells. Ac-
cordingly, B cell-deficient mice are osteopenic and display
decreased bone marrow OPG concentrations [14]. While all B
lineage cells produce OPG, plasma cells produce the highest
concentrations of this cytokine and approximately 5-fold
higher quantities of OPG per cell compared to naive B cells.

Interestingly, plasma cells are capable of producing OPG
that is known to have a prominent role in bone protection, but
they can also secrete IL-17 that is associated with pathogenic
bone destruction, e.g., in rheumatoid arthritis. Until now, IL-
17 was considered mainly a T-cell cytokine, but recently it
was found that B lineage cells resembling a CD138 +
plasmablast/plasma cell phenotype can also express IL-17 in
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response to Trypanosoma cruzi infection [17]. Importantly, in
the course of this infection, the IL-17 + plasmablasts are
higher in numbers than IL-17-producing T cells and are re-
quired for an immune response towards the infection in vivo.
The exposure to parasite-derived trans-sialidase in vitro was
sufficient to trigger IL-17A and IL-17F expression in mouse
and human B cells/plasma cells. This data suggests that the IL-
17 from plasma cells or plasmablasts should be further ex-
plored in the context of immunity against pathogens and also
in IL-17-mediated autoimmune diseases like psoriasis, rheu-
matoid arthritis, and multiple sclerosis. Since rituximab
treatment has been successfully used as therapy in these
diseases, one might speculate that the therapeutic effect
of rituximab may also be partly due to the deletion of
IL-17-producing plasmablasts.

Apart from the regulation of immunity by the expression of
cytokines, plasma cells were shown to retain the ability to
present antigen by their continued expression of MHCII and
to express the co-stimulatory molecules CD80 and CD86.
Through these functions, plasma cells inhibited IL-21 produc-
tion and decreased Bcl-6 expression in follicular helper T cells
(Tth) in an antigen-specific manner [18]. Tth are characterized
by CXCRS5 and PD-1 expression and resemble a subset of
CD4 + T cells specialized to migrate to the B-cell follicles and
provide T-cell help to activated B cells, hence determining the
quantity and quality of the plasma cell response [104]. In the
absence of plasma cells in B cell-specific Blimp-1-deficient
mice, Tth cells accumulate in significantly greater numbers in
draining lymph nodes and spleen. These data provide evi-
dence for a negative feedback loop mediated by the cognate
interaction of plasma cells/plasmablasts with T cells, which
eventually controls the ongoing B cell/plasma cell response
and may also constrain antibody-mediated autoimmunity.

So far, plasma cells were primarily considered as
producers of antibodies. However, as discussed above,
plasma cells/plasmablasts also play important roles as
drivers and regulators of immunity via the secretion of
cytokines and as antigen-presenting cells important in
infectious and autoimmune diseases.

Conclusions

Despite their important role in many autoimmune and allergic
diseases, therapies directly targeting pathogenic plasma cells
are not available. Current therapies mostly suppress B-cell
activation and plasma cell formation resulting in the extinction
of short-lived plasma cell populations but do not deplete long-
lived plasma cells. Moreover, their effects on the distinct
plasma cell populations which are localized in lymphoid,
mucosal, and inflamed tissues need to be further elucidated.
Experimental data from mouse models suggest that some
existing and experimental therapies preferentially deplete

plasma cells from one tissue but spare those in others. Optimal
therapeutics would either selectively destroy only the patho-
genic plasma cells or eliminate merely plasma cells in those
tissues where pathogenic antibodies are produced, hence spar-
ing protective antibodies and other effects plasma cells con-
tribute to protective immunity and bone homeostasis. Multiple
cell types of mesenchymal and hematopoietic origin seem to
contribute to the function of plasma cell niches in a tissue-
specific manner, thus offering novel approaches for the tissue-
specific targeting of plasma cell niches and the selective
elimination of pathogenic plasma cells.
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