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Abstract: Multiple myeloma (MM) is a hematological malignancy of terminally differentiated bone
marrow (BM) resident B lymphocytes known as plasma cells (PC). PC that reside in the bone marrow
include a distinct population of long-lived plasma cells (LLPC) that have the capacity to live for very
long periods of time (decades in the human population). LLPC biology is critical for understanding
MM disease induction and progression because MM shares many of the same extrinsic and intrinsic
survival programs as LLPC. Extrinsic survival signals required for LLPC survival include soluble
factors and cellular partners in the bone marrow microenvironment. Intrinsic programs that enhance
cellular fidelity are also required for LLPC survival including increased autophagy, metabolic fitness,
the unfolded protein response (UPR), and enhanced responsiveness to endoplasmic reticulum (ER)
stress. Targeting LLPC cell survival mechanisms have led to standard of care treatments for MM
including proteasome inhibition (Bortezomib), steroids (Dexamethasone), and immunomodulatory
drugs (Lenalidomide). MM patients that relapse often do so by circumventing LLPC survival
pathways targeted by treatment. Understanding the mechanisms by which LLPC are able to survive
can allow us insight into the treatment of MM, which allows for the enhancement of therapeutic
strategies in MM both at diagnosis and upon patient relapse.

Keywords: multiple myeloma (MM); long-lived plasma cell (LLPC); bone marrow microenvironment
(BMME)

1. Introduction

Multiple myeloma (MM) is a bone marrow resident hematological malignancy of
antibody-secreting plasma cells. It is the second most common hematological malignancy with
30,000 newly diagnosed cases each year [1]. Although new treatments have shown promising results,
myeloma remains incurable. MM is unique among hematological malignancies as it is critically
dependent upon the bone marrow microenvironment (BMME) for survival. The foundation for this
dependency is in the ability of the bone marrow microenvironment to facilitate survival of the precursor
cell subset that develop into MM and long-lived plasma cells (LLPC). LLPC are terminally differentiated
antibody secreting B lymphocytes that reside in specialized survival niches in the BMME [2]. LLPC are
long-lived as a result of extrinsic pro-survival signals derived from the BMME that go on to regulate
cell intrinsic programs of LLPC survival including increased metabolic fitness, the unfolded protein
response, and enhanced autophagy [3–6]. Therefore, understanding the extrinsic and intrinsic survival
programs of survival in LLPC that allow them to live for such long periods of time is critical in
understanding how anti-MM therapies are effective and how we can augment therapeutic strategies
for greater efficacy.
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The ability of LLPC to survive for years requires that they successfully compete for space and
nutrients in the bone marrow (BM), which is the primary site of hematopoiesis wherein nutrient
availability can change dramatically over time. The plasma cell field has demonstrated a critical
role for the BM microenvironment in regulating LLPC survival in this dynamic and competitive
niche. Extrinsic signals emanating from cellular interactions and soluble factors produced in the BM
microenvironment have the ability to regulate survival. However, critical intrinsic survival programs
are required for LLPC survival including metabolic fitness and increased autophagy. These cell intrinsic
programs facilitate successful competition for survival during the time of nutrient starvation and
ensure fidelity under cell stress. The same biology of competition exists for MM, as MM cells exist in the
same BMME but also have the necessity to proliferate. Therefore, understanding the mechanisms by
which LLPC survive in the BMME will allow insight into how current therapeutic strategies in MM are
effective, and give us insight into how we can augment those treatments for increased patient survival.

2. B Cell Biology and the Creation of a Plasma Cell

The humoral immune response is built upon the ability of a B cell to become a terminally
differentiated antibody secreting a cell known as a plasma cell (PC) [7–9]. Bone marrow resident
immature B cells undergo a round of negative selection in order to mature [10–12]. Mature follicular
and marginal zone B cells reside in secondary lymphoid organs and can respond to the antigen in a T
cell independent and dependent manner [13,14]. After activation through the B cell receptor (BCR),
B cells migrate to newly-formed germinal centers where they undergo class switch recombination
and somatic hypermutation and can differentiate into memory B cells or antibody secreting plasma
cells [15–17]. It is at this point that BCR signal strength and the quality/quantity of “danger” signals (toll
like receptor (TLR) agonists, or other pathogen associated signals through nod-like/rig-like receptors
(NLRs, RLRs)) [18,19] can program distinct functional outcomes in the quality and persistence of
plasma cells [20,21].

Several cell intrinsic programs are induced during the transition from an activated B cell to a
plasma cell. Upon B cell activation, a metabolic shift occurs in which the cells increase glucose uptake
and induce mitochondrial respiration, which increases both the tricarboxylic acid cycle (TCA) and
oxidative phosphorylation [22]. This metabolic program facilitates the acquisition of an effector function
in cytokine production and immunoglobulin synthesis. A byproduct of mitochondrial respiration
is the production of reactive oxygen species (ROS). ROS are well characterized in their capacity to
damage cells [23,24]. In order to maintain proper levels of ROS, many cells upregulate antioxidant
enzymes such as glutathione peroxidase (GPX), superoxide dismutase (SOD), and catalase (CAT) that
act to scavenge ROS from the cellular system [25]. However, mitochondrial respiration-derived ROS
are required for B cells to differentiate into plasma cells [26]. This suggests a possible role for ROS in
cell signaling. ROS have been shown to inactivate the phosphatase PP2A, the negative regulator of
Akt [27], and directly activate the transcription factor NF-κB [28] in which both have been shown to be
critical for B cell development [29,30]. Upon B cell differentiation into plasma cells, distinct functional
capacity is provided by different isotypes of antibodies secreted by the plasma cells [31].

IgM secreting plasma cells are the first to produce an antibody with the fastest response and a
lower affinity binding capacity [32]. IgE secreting plasma cells are most generally associated with
allergic reactions, but also function in the clearance of parasitic worms [33,34]. IgA is generally localized
to the mucosal tissues and maintain homeostasis of the gut microbiota [35]. IgG production facilitates
the longest duration of protection due to the high affinity for antigen and stability of the IgG molecules
in circulation [36]. IgG production is canonically associated with long-lived plasma cells (LLPC) with
IgM associated with short-lived plasma cells (SLPC).

B cells can differentiate into SLPC that reside primarily in secondary lymphoid organs such as the
spleen and primarily secrete IgM [37]. Memory B cells can also differentiate into SLPC with persistent
antigen exposure [38]. However, humoral immunity can be sustained in the absence of memory B
cells [37,39] or continual antigen availability [40,41]. The half-life of circulating antibody molecules is
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approximately days to weeks [42] while the half-life of antibody titers may last years to decades in
the human population [43]. Therefore, a second non-mutually exclusive model has been proposed
wherein B cells differentiate into mostly IgG secreting LLPC, which are home to the bone marrow
and can live for the lifetime of an organism (Figure 1) [37,44]. Although a specific phenotype that
distinguishes SLPC from LLPC/MM cells has remained elusive, LLPC have increased expression of
the transcription factors BLIMP1, XBP1, and IRF4 [45], but specific transcription factors necessary
for PC development in certain inflammatory contexts are still being discovered as was the case for
T-bet in a recent publication [46]. It has also been suggested that initial transcriptional programming
through Zbtb20 may be critical in the induction of an LLPC [47]. However, whether levels of Zbtb20
are stable upon LLPC differentiation or must be maintained by other signals in the bone marrow
microenvironment is still unclear. High cell surface expression of CD93 has also been demonstrated to
distinguish LLPC from SLPC and play a role in maintaining bone marrow plasma cells (PC) [48]. It is
also clear that the induction of PC from B cells is coupled with specific epigenetic programming [49,50].
However, how these intrinsic transcriptional and epigenetic programs are initiated and maintained in
the LLPC pool that resides in the complex bone marrow microenvironment is not fully understood.
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Figure 1. Model of B to plasma cell (PC) differentiation. Upon activation with antigen in a T cell
independent (above) or dependent (below) manner, B cells can differentiate into antibody-secreting
plasma cells that either reside in secondary lymphoid organs such as the spleen, where they primarily
secrete IgM and live for days to weeks before dying by apoptosis. B cells can also differentiate into
memory B cells, which, upon reactivation with the antigen, can differentiate into plasma cells. In a
second non-mutually exclusive model, B cells can differentiate into long-lived plasma cells that are
home to the bone marrow where they occupy special survival niches and provide durable humoral
immunity through the long-term production of antigen specific antibodies, primarily IgG.

3. Long-Lived Plasma Cell Induction and Maintenance

Understanding the mechanisms by which LLPC are induced and are capable of long-term survival
is important in both our ability to design effective vaccines as well as alleviate antibody-mediated
autoimmune disease. In seminal experiments, when tracking the half-life of protective circulating
antibody titers in the human population after vaccination, it was determined that the half-life of
measles titers is on the order of 3000 years [43]. During B cell differentiation, a PC must be able to
“unlock” the ability to respond to survival signals in the bone marrow microenvironment. This is
represented by the induced transcriptional network and epigenetic remodeling during B cell to plasma
cell differentiation that facilitate the upregulation of factors necessary for plasma cell function and
survival [49,51]. Furthermore, the plasma cell must be able to move to the bone marrow survival
niches to access those signals. Understanding how a plasma cell that can move to the bone marrow
and respond to signals becomes an LLPC is, therefore, critical in our ability to elicit an effective
durable humoral immune response and fill a major gap in the field. This gap answers how a PC
becomes long-lived.
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LLPCs are not intrinsically long-lived. Rather, they depend upon extrinsic signals from specialized
niches in the bone marrow for their continued persistence [44]. The LLPC survival niches are found
predominantly in the bone marrow (BM), despite the fact that other anatomical locations have been
described [52–54]. Both cellular and soluble extrinsic components of the LLPC niche have been
described as well as necessary intrinsic mechanisms by which LLPC survival is maintained in the BM
microenvironment. Many of these extrinsic and intrinsic mechanisms of LLPC survival are shared
with MM. Therefore, an understanding of these survival signals and pathways is critical for our
understanding of both LLPC biology as well as that of MM and lends translational relevance to the
fundamental understanding of the mechanisms of LLPC survival.

3.1. Cellular Partners

Cellular and stromal partners in the niche support LLPC survival by providing an infrastructure
for stable maintenance in the BM microenvironment through chemokine production as well as direct
survival cues via cytokine production. The primary chemokine regulating PC homing to the BM
niche is CXCR4, which is where PC becomes responsive during differentiation [55,56]. Although the
mechanisms differ by which each cellular partner facilitate LLPC survival, the common thread in the
literature is in understanding that, in the absence of specific cellular components of the niche that
provide support for LLPC survival, LLPC cannot be maintained. For LLPC to successfully survive,
they require each component of the niche to be intact.

CXCL12-Abundant Reticular Cells (CAR cells) facilitate the homing of LLPC to the survival niche
and provide a platform in the bone marrow niche for LLPC survival [57]. Eosinophils have the capacity
to produce cytokines known to regulate PC survival including APRIL (a proliferation-inducing ligand)
and IL-6 [58]. Though direct interaction was not demonstrated to be required for LLPC survival,
eosinophils are thought to occupy space within the LLPC survival niche. Mesenchymal stem cells
(MSC) are also thought to provide APRIL in the bone marrow microenvironment to facilitate LLPC
survival [59]. MSC have also been demonstrated to produce IL-6 in a cell-contact dependent manner
when cultured in vitro with PC derived from the bone marrow, which suggests an important axis by
which extrinsic interactions between PC and MSC can regulate cell-intrinsic PC survival (through
IL-6 signaling-mediated transcriptional regulation of PC survival) [60]. In support of a critical role
for MSC-derived IL-6 in long-lived plasma cell survival, it has been shown that IL-6 can facilitate the
in vitro generation of human long-lived plasma cells in conjunction with other stromal-cell-derived
soluble factors [61].

Recent work has demonstrated a role for T regulatory cells in maintaining the plasma cell niche [62].
T regulatory cells were required for LLPC survival. However, CTLA4, which is a negative costimulatory
molecule, was shown to negatively regulate the size of the LLPC niche since its conditional deletion
from the T regulatory cell subset caused an increase in the number and percentage of PC in the
bone marrow. Since CTLA4 is known to interact with and induce signaling downstream of CD80
and CD86 on dendritic cells to induce IL-6 and indoleamine 2,3 dioxygenase (IDO) [63], which is an
immunosuppressive enzyme, it is possible that a dynamic interplay between each of these three cell
subsets regulates the balance between both survival and available space. Megakaryocytes also provide
survival signals to LLPC as well as dendritic cells themselves [58,62,64–67]. Though most of these
cells may act by producing soluble factors, which facilitate LLPC survival including APRIL, BAFF,
and IL-6. The cellular and molecular interactions involved in extrinsic signaling into intrinsic programs
of survival are less well known (Figure 2) [60,68].



Cancers 2020, 12, 2117 5 of 17
Cancers 2020, 12, x FOR PEER REVIEW 5 of 17 

 

 
Figure 2. Model the cellular partners and soluble survival signals in the bone marrow 
microenvironment shared by both (long-lived plasma cells (LLPC) and multiple myeloma (MM). 
Cellular partners like that of eosinophils, basophils, dendritic xells (pictured in center), CXCL12-
abundant reticular (CAR) cells, T regulatory cells, and B cells can provide important cell-cell 
interactions for the survival of LLPC along with factors held in the extracellular matrix (ECM). 
Survival signals emanating from these accessory cell subsets include IL-6, APRIL, BAFF, and homing 
signals like CXCL12. Interactions between CD28 on LLPC/MM and CD80/CD86 on DC and other 
myeloid cells can provide survival signals to both LLPC and MM, and promote dendritic cells (DC) 
production of IL-6 and IDO. 

3.2. Cell Intrinsic Programs 

Along with the extrinsic survival components of the LLPC niche are cell intrinsic programs that 
specifically support the survival of LLPC. As highly biosynthetic cells, LLPC must be able to both 
handle a high degree of protein turnover as well as have plenty of resources to produce the protein. 
The unfolded protein response is a cell intrinsic program necessary for B cells to differentiate into a 
PC and allows a PC to handle the cell stress induced by the differentiation process through the spliced 
form of the protein XBP-1, but it is equally necessary for B cells to differentiate into SLPC and LLPC 
[69–71]. Two cell intrinsic programs that facilitate the ability of LLPC to meet the requirements for 
biosynthesis/fidelity under nutrient availability and distinguish LLPC from SLPC are autophagy and 
metabolic fitness. 

3.2.1. Autophagy 

Autophagy is a highly conserved process by which cells under stress can induce “self-eating” in 
order to survive in the absence of nutrient availability or dispose of misfolded protein cargo. 
Autophagy was first described as a process by which mitochondria could be turned over during times 
of nutrient stress in rat liver cells [72]. The ability of autophagy to regulate the turnover of 
dysfunctional mitochondria or provide the infrastructure for mitochondrial maintenance is a 
potential mechanism by which autophagy itself can regulate metabolism when, classically, the model 
is such that nutrient starvation regulates autophagy. However, autophagy is not relegated to the 
turnover of mitochondria, but can facilitate the degradation of misfolded proteins, intracellular 
organelles, endoplasmic reticulum (ER), or clearance of intracellular pathogens [73]. The capacity for 
autophagy to regulate ER is especially important in PC since a hallmark of PC differentiation is an 
expanded ER in order to facilitate continual antibody production. Increased basal levels of autophagy 
distinguish LLPC from SLPC and autophagy is required for LLPC survival and antibody production 
in the BM niche [5]. 

The signaling pathways involved in the regulation of autophagy converge on the mTORC1 
(mammalian target of rapamycin 1)/AMPK pathways [74]. mTOR was initially discovered by David 
Sabatini and Michael Hall [75] and has since been described as a molecular rheostat in cell biology, 
which senses various growth factors and nutrient availability in order to regulate various cell 
processes including growth, division, metabolism, and immune cell differentiation [76]. Inhibition of 

Figure 2. Model the cellular partners and soluble survival signals in the bone marrow microenvironment
shared by both (long-lived plasma cells (LLPC) and multiple myeloma (MM). Cellular partners like that
of eosinophils, basophils, dendritic xells (pictured in center), CXCL12-abundant reticular (CAR) cells,
T regulatory cells, and B cells can provide important cell-cell interactions for the survival of LLPC along
with factors held in the extracellular matrix (ECM). Survival signals emanating from these accessory
cell subsets include IL-6, APRIL, BAFF, and homing signals like CXCL12. Interactions between CD28
on LLPC/MM and CD80/CD86 on DC and other myeloid cells can provide survival signals to both
LLPC and MM, and promote dendritic cells (DC) production of IL-6 and IDO.

3.2. Cell Intrinsic Programs

Along with the extrinsic survival components of the LLPC niche are cell intrinsic programs that
specifically support the survival of LLPC. As highly biosynthetic cells, LLPC must be able to both
handle a high degree of protein turnover as well as have plenty of resources to produce the protein.
The unfolded protein response is a cell intrinsic program necessary for B cells to differentiate into
a PC and allows a PC to handle the cell stress induced by the differentiation process through the
spliced form of the protein XBP-1, but it is equally necessary for B cells to differentiate into SLPC and
LLPC [69–71]. Two cell intrinsic programs that facilitate the ability of LLPC to meet the requirements
for biosynthesis/fidelity under nutrient availability and distinguish LLPC from SLPC are autophagy
and metabolic fitness.

3.2.1. Autophagy

Autophagy is a highly conserved process by which cells under stress can induce “self-eating”
in order to survive in the absence of nutrient availability or dispose of misfolded protein cargo.
Autophagy was first described as a process by which mitochondria could be turned over during
times of nutrient stress in rat liver cells [72]. The ability of autophagy to regulate the turnover of
dysfunctional mitochondria or provide the infrastructure for mitochondrial maintenance is a potential
mechanism by which autophagy itself can regulate metabolism when, classically, the model is such
that nutrient starvation regulates autophagy. However, autophagy is not relegated to the turnover
of mitochondria, but can facilitate the degradation of misfolded proteins, intracellular organelles,
endoplasmic reticulum (ER), or clearance of intracellular pathogens [73]. The capacity for autophagy
to regulate ER is especially important in PC since a hallmark of PC differentiation is an expanded ER in
order to facilitate continual antibody production. Increased basal levels of autophagy distinguish LLPC
from SLPC and autophagy is required for LLPC survival and antibody production in the BM niche [5].

The signaling pathways involved in the regulation of autophagy converge on the mTORC1
(mammalian target of rapamycin 1)/AMPK pathways [74]. mTOR was initially discovered by David
Sabatini and Michael Hall [75] and has since been described as a molecular rheostat in cell biology,
which senses various growth factors and nutrient availability in order to regulate various cell processes
including growth, division, metabolism, and immune cell differentiation [76]. Inhibition of mTOR
by rapamycin has been shown to sensitize myeloma cells to Dexamethasone, which is one of a few
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frontline therapies used in the clinic [77]. The negative regulator of mTOR is AMPK, which can
directly sense AMP/ATP levels in the cell and can be directly activated through calcium-mediated
signaling [78,79], and, therefore, the mTOR/AMPK axis can integrate a diverse set of stimuli in
regulating the induction of autophagy [80]. This signaling axis has been demonstrated to be active and
targetable in MM [81] and may lead to new therapeutic strategies in combination with proteasome
inhibitors and immunomodulatory drugs. The signaling pathways that regulate mTOR and AMPK for
the induction of autophagy have been well described in the T cell literature as downstream of the T cell
receptor and CD28 signaling, which is the prototypic T cell costimulatory molecule [82]. Through both
direct signaling from Ca++ downstream of PLCγ and through nutrient sensing, AMPK can be activated
and can facilitate the induction of autophagy. Although autophagy itself has been described as critical
for LLPC survival and antibody production, how it is regulated in LLPC, whether directly through
signaling or nutrient availability, is unknown. Since we do not know how autophagy is regulated by
or possibly important in the regulation of LLPC metabolism, it is important to understand that both of
these cell intrinsic pathways for LLPC survival may crosstalk between one another and how we can
then use this knowledge in targeting MM.

3.2.2. Metabolic Fitness

The highly biosynthetic nature of LLPC requires both high nutrient availability and energy
production for continual antibody synthesis. Antibody molecules are also heavily glycosylated,
which require glucose availability in order to make the necessary post-translational modifications
for antibody secretion [3]. LLPC reside in the BM, which is the primary site of hematopoiesis,
where nutrient availability may be limited at times and, therefore, create acute cell stress. It is, therefore,
critical that LLPC have a high degree of metabolic fitness in order to survive and produce the antibody.
Recent work has demonstrated that high levels of glucose uptake is a defining feature of LLPC that
distinguish them from SLPC [4]. The metabolic programs that utilize glucose are critical to our
understanding of LLPC metabolic fitness.

Glycolysis is the metabolic process by which glucose, a 6-carbon sugar molecule, is broken down
into two 2-carbon molecules of pyruvate [83]. Although complex in the biochemistry facilitating this
breakdown, it is more the fate of the glucose-derived products that are important in regulating plasma
cell nutrient availability and energy production. Pyruvate has one of two well characterized fates.
In many tumor cells in which glycolysis is induced independently of oxygen availability, pyruvate is
often converted to lactate and shunted out of the cell in a process of aerobic glycolysis known as the
Warburg Effect [84]. However, this is less efficient for energy production with a net gain of only two
ATP than if the pyruvate is used in the second major pathway through mitochondrial respiration for a
net gain of 36 ATP [83].

In LLPC, pyruvate is able to be metabolized through this mitochondrial pathway. Pyruvate is
imported through the mitochondrial pyruvate importer protein in LLPC and used for energy production
when LLPC are under stress conditions [3]. When the mitochondrial pyruvate importer is genetically
knocked out after vaccination, there is a progressive loss of antigen-specific antibody titers and LLPC
numbers in the BM, which suggests that glucose-derived pyruvate is required for LLPC survival over
times of nutrient stress in the BM and that the ability to access this metabolic program during times of
cell stress is what distinguished LLPC metabolic fitness from SLPC [3]. What is unclear is how this
metabolic fitness is regulated in LLPC. MM requires the same degree of metabolic fitness as LLPC
with the additional nutrient requirements of cell division. Although MM has high expression levels of
glycolytic enzymes and engages in glycolysis [85,86], it is becoming more evident that mitochondrial
metabolism plays a major role in myeloma [87]. A greater understanding of metabolic regulation in
LLPC may provide new insight into metabolic targets in MM.
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3.2.3. The Intersection of LLPC and MM

As seen in previous sections, many of the treatments that have shown clinical efficacy in multiple
myeloma target the intrinsic programs of survival shared with LLPC or the cellular partners in the
BM microenvironment. Due to the highly biosynthetic nature of LLPC/myeloma, drugs that target
protein degradation through proteasome inhibition have been highly effective in MM treatment even
though it was initially thought that the mechanism by which proteasome inhibitors killed MM was
through the inhibition of the transcription factor NF-κB [88]. The importance of cellular components
of the BM microenvironment for multiple myeloma cell survival is demonstrated in the efficacy of
immunomodulatory drugs including Dexamethazone (a corticosteroid) and the immunomodulatory
drugs Lenolidamide and Pomalidomide, which both target cereblon, an E3 ubiquitin ligase that
regulates T cell function [89].

Multiple myeloma is critically dependent on the bone marrow microenvironment and shares
many soluble mediators of survival with LLPC (Figure 2). IL-6 has been shown to both augment
myeloma cell growth and provide a survival signal, which inhibits apoptosis [90]. BCMA is the receptor
for APRIL/BAFF, known survival factors for LLPC, which is overexpressed on myeloma cells [91].
BAFF can also signal specifically through the BAFF receptor (BAFF-R), and the shared receptor with
APRIL in TACI [92]. The ability of BAFF to regulate B cell and PC survival through different receptors
may be partly dependent on the temporal regulation of receptor expression [93]. By activating BAFF,
BCMA activates several survival and growth pathways in multiple myeloma including NF-κB, Akt,
and MAPK signaling [94]. Cellular partners like stromal cells are able to regulate myeloma survival
by producing cytokines like APRIL and BAFF as well as delivering exosomes that inhibit pathways
known to regulate apoptosis (JNK signaling) [95,96]. Integrin signaling can also drive myeloma cell
survival, adhesion, and invasion in the bone marrow microenvironment, which are all hallmarks of
multiple myeloma disease progression [97,98]. Certain anti-apoptotic proteins have also been described
in myeloma cell survival, namely Mcl-1, which has also been shown to be the primary Bcl-2 family
member responsible for LLPC survival [99,100].

Targeting MM survival pathways through receptors like BCMA has demonstrated clinical
success with several emerging strategies. Chimeric antigen receptor T cells (CAR-T cells) are T
cells that are expanded with a genetic construct that facilitates the expression of artificial receptors,
which recognize specific antigens. Clinical trials with anti-BCMA CAR-T cells have shown efficacy in
certain patients [101]. Other potential targets for CAR-T cell therapy include CD138 [102], CD38 [103],
and SLAMF7 [104], which are all cell surface proteins expressed on MM cells. Other strategies include
monoclonal antibodies directed to cell surface receptors with current drugs approved for targeting
SLAMF7 [105] and BCMA [106]. It is also possible that treatments, which target MM could be used in
autoimmune disorders driven by plasma cell production of auto-antibodies.

3.2.4. CD28: Bridging the BMME and Intrinsic Survival Programs in LLPC/MM

During B cell differentiation, a specific transcriptional network is activated including genes
necessary for plasma cell survival and function. The lineage defining the transcriptional regulator
of B cells is PAX5, which actively represses expression of Prdm1, the gene encoding BLIMP1. This is
the master regulator of plasma cell identity [107,108]. BLIMP1 is required for antibody secretion and
regulates the unfolded protein response (UPR) [109]. Many other genes necessary for PC survival and
function are upregulated during B cell differentiation including Irf4, Xpb1 (the regulator of the UPR),
and Cd28 [51,109,110]. CD28 is the canonical T cell costimulatory receptor [111,112].

In conjunction with T cell receptor (TCR) activation, CD28 co-stimulation through engagement
with its cognate ligands CD80/CD86 on antigen presenting cells (APC) augments proliferation,
cytokine production, and survival during the transition to effector T cells [113–117]. CD28 is also
expressed on the malignant BM-resident PC in multiple myeloma (MM) [118,119] and normal PC [120],
but its function in B lineage has not been well characterized. We have previously shown in MM that
CD28 activation by itself transduces a major pro-survival/chemotherapy resistance signal [121,122],
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and others have shown that CD28 signaling in MM can decrease MM cell susceptibility to CD8 T
cell-mediated anti-tumor immune responses [123]. However, its function in normal PC is largely
uncharacterized. Genetic knockdown or pharmacological inhibition of CD28 has been shown to
decrease humoral responses to many pathogenic challenges [124–133], which suggests that CD28
plays a prominent regulatory role in plasma cell biology. Therefore, understanding the mechanism by
which CD28 activation by the extrinsic bone marrow microenvironment is able to drive a cell intrinsic
program of LLPC/MM survival would advance the field by allowing us to understand the extrinsic
interactions in the BM that govern cell intrinsic programs of survival in order to augment vaccine
design, alleviate autoimmunity, and treat MM.

Activated T cells require increased metabolism to meet their biosynthetic needs for effector
functionality and survival [134–136]. This includes the CD28-mediated increase in glucose uptake by
upregulating the glucose transporter GLUT1 [137]. CD28 has also been shown to regulate the induction
of glycolysis for cell growth and proliferation and the upregulation of mitochondrial respiration for
long-term survival [137,138]. CD28 regulates the longevity of memory T cells through reorganization
of mitochondrial morphology and enhanced mitochondrial spare respiratory capacity, which is a
hallmark of memory T cell metabolism [139]. Mitochondrial respiration is required for T cell activation,
proliferation, and differentiation through reactive oxygen species (ROS)-dependent signaling [140].
CD28-mediated ROS signaling in T cells is also necessary for NF-κB dependent IL-2 production [141].
The transcription factor IRF4 is a target of NF-κB and is upregulated during B cell to PC differentiation,
and is required for plasma cell survival [109,142]. IRF4 also regulates metabolic programming in T cells
by specifically regulating glucose uptake, mitochondrial mass, and mitochondrial respiration [143,144],
which suggests that it may be downstream of CD28 activation in the T cell context. Since CD28 has the
capacity to govern essential components of the LLPC program, it makes a good target for interrogation
in both LLPC and MM biology.

We have previously reported that CD28 is expressed on plasma cells and that its activation through
an interaction with CD80/86 expressing DC in the bone marrow microenvironment is required for bone
marrow-resident LLPC survival in vitro and in vivo but has no effect on SLPC survival [145]. In our
studies, we use anatomical location to equivocate bone marrow plasma cells to the long-lived plasma cell
subset, and splenic plasma cells as the short-lived compartment with the caveat that both compartments
are heterogeneous. Two binding motifs have been described on the CD28 cytoplasmic tail that regulate
several distinct signaling pathways and are phosphorylated upon receptor activation to illicit distinct
functional outcomes [124,126,146]. Phosphorylation of the membrane proximal Y170MNM motif
induces binding of the SH2 domain of the p85 subunit of phosphatidyl-inositol 3-kinase (PI3K) and
activation of the downstream PI3K→ PDK1→Akt→NF-κB signaling pathway [146]. Phosphorylation
of the C-terminal P187YAP190 proline motif leads to Lck recruitment, and then the SH3-mediated
recruitment of Grb2/Vav, which leads to Rac1/Cdc42 → ras → AP-1 and PLCγ → NF-κB /NFAT
pathways [146]. The downstream pathways from CD28 that govern LLPC survival had not been
described. However, because CD28 is specifically capable of inducing a pro-survival signal in LLPC,
but not SLPC, discovering the specific downstream mediators of CD28 survival signaling will allow us
to define the molecular mechanisms by which LLPC can respond to CD28 engagement, and, therefore,
how a PC becomes long-lived. By establishing this axis of survival signaling downstream of CD28,
we may also be able to target this axis to augment the treatment of MM.

We have recently published that CD28 pro-survival signaling through Grb2/Vav/SLP-76/NF-κB
regulates LLPC metabolic fitness by increasing the expression of the transcription factor IRF4 [147].
By increasing glucose uptake and mitochondrial respiration, CD28 is able to induce a metabolic
program in LLPC that allows them to survive in the bone marrow microenvironment under conditions
where nutrient availability may be limiting. The CD28-mediated increase in mitochondrial respiration
drives higher levels of reactive oxygen species, which are themselves critical in relaying the CD28
pro-survival signal. In this way, the byproducts of CD28-mediated metabolic regulation feed the
survival signal emanating from the extrinsic bone marrow microenvironment (Figure 3).
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Figure 3. Model of CD28-mediated metabolic fitness in LLPC. CD28, through Grb2/Vav/SLP-76
signaling in LLPC, induces NF-κB activation. NF-κB is a known transcriptional regulator of
IRF4, which is a transcription factor required for LLPC survival. CD28 activation increases IRF4
expression, which increases LLPC glucose uptake, mitochondrial mass, and mitochondrial respiration.
One byproduct of mitochondrial respiration is the production of reactive oxygen species, which go on
to facilitate further NF-κB activation for IRF4-mediated metabolic fitness and LLPC survival.

CD28 is an example of how extrinsic signals in the bone marrow microenvironment are
able to drive cell intrinsic programs of survival (at the transcriptional and metabolic levels).
Much of the transcriptional network that mediates LLPC survival is driven by extrinsic signaling
(CD28-IRF4-metabolic fitness, BAFF-Mcl1, IL6-STAT3). In LLPC biology, the bone marrow
microenvironment is the critical component in driving the transcriptional and physiological processes
that facilitate LLPC persistence.

CD86, which is the cognate ligand for the prototypic T cell co-stimulatory molecule CD28, is
expressed by myeloma cells and is required for their survival [148]. Since we have shown that CD28
itself is important in myeloma progression and survival [121,122,149], this CD28/CD86 axis may
represent a possible mechanism by which cis-interactions in the myeloma cell microenvironment may
facilitate survival and disease progression.

4. Conclusions

Since multiple myeloma is the malignancy of LLPC, and LLPC can live for the lifetime of an
organism, myeloma cells can access an immortality program before any genetic mutations are present.
Since multiple myeloma shares the same bone marrow niche requirements as LLPC, myeloma cells
must compete for nutrients in the same environment to the same extent as LLPC and similarly respond
to survival signals. Multiple myeloma cells also continue to secrete antibodies, which requires high
levels of nutrient uptake, autophagy, and responses to ER stress. This makes the survival demands of
MM in the BM microenvironment even more substantial than that of LLPC. Therefore, finding the
mechanisms by which myeloma cells can maintain the survival programs built into LLPC through
interactions with the extrinsic survival signals in the BM and cell intrinsic programs would allow us
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to target those interactions for disruption of multiple myeloma survival and, therefore, augment the
current treatments available for myeloma patients.

Author Contributions: A.U. wrote the manuscript. B.L., K.P.L., and M.A.N. provided a critical review of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Cancer Institute, grants number CA193981 and CA224434
and the 2020 International Myeloma Foundation Brian D. Novis Senior Research Grant Award.

Acknowledgments: The figures were originally designed and adapted from Cheryl Rozanski and Megan Murray.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Kapoor, P.; Rajkumar, S.V. Multiple myeloma in 2016: Fresh perspectives on treatment and moments of
clarity. Nat. Rev. Clin. Oncol. 2017, 14, 73–74. [CrossRef] [PubMed]

2. Lightman, S.M.; Utley, A.; Lee, K.P. Survival of Long-Lived Plasma Cells (LLPC): Piecing Together the Puzzle.
Front. Immunol. 2019, 10, 965. [CrossRef] [PubMed]

3. Lam, W.Y.; Becker, A.M.; Kennerly, K.M.; Wong, R.; Curtis, J.D.; Llufrio, E.M.; McCommis, K.S.; Fahrmann, J.;
Pizzato, H.A.; Nunley, R.M.; et al. Mitochondrial Pyruvate Import Promotes Long-Term Survival of
Antibody-Secreting Plasma Cells. Immunity 2016, 45, 60–73. [CrossRef] [PubMed]

4. Lam, W.Y.; Jash, A.; Yao, C.H.; D’Souza, L.; Wong, R.; Nunley, R.M.; Meares, G.P.; Patti, G.J.; Bhattacharya, D.
Metabolic and Transcriptional Modules Independently Diversify Plasma Cell Lifespan and Function. Cell Rep.
2018, 24, 2479–2492.e2476. [CrossRef] [PubMed]

5. Pengo, N.; Scolari, M.; Oliva, L.; Milan, E.; Mainoldi, F.; Raimondi, A.; Fagioli, C.; Merlini, A.; Mariani, E.;
Pasqualetto, E.; et al. Plasma cells require autophagy for sustainable immunoglobulin production.
Nat. Immunol. 2013, 14, 298–305. [CrossRef]

6. Reimold, A.M.; Iwakoshi, N.N.; Manis, J.; Vallabhajosyula, P.; Szomolanyi-Tsuda, E.; Gravallese, E.M.;
Friend, D.; Grusby, M.J.; Alt, F.; Glimcher, L.H. Plasma cell differentiation requires the transcription factor
XBP-1. Nature 2001, 412, 300–307. [CrossRef]

7. White, R.G. Antibody production by single cells. Nature 1958, 182, 1383–1384. [CrossRef]
8. Raff, M.C. T and B lymphocytes and immune responses. Nature 1973, 242, 19–23. [CrossRef]
9. Bjorneboe, M.; Gormsen, H.; Lundquist, F. Further experimental studies on the role of the plasma cells as

antibody producers. J. Immunol. 1947, 55, 121–129.
10. Coutinho, A.; Moller, G. Thymus-independent B-cell induction and paralysis. Adv. Immunol. 1975,

21, 113–236.
11. Chung, J.B.; Silverman, M.; Monroe, J.G. Transitional B cells: Step by step towards immune competence.

Trends Immunol. 2003, 24, 343–349. [CrossRef]
12. Pelanda, R.; Torres, R.M. Central B-cell tolerance: Where selection begins. Cold Spring Harb. Perspect. Biol.

2012, 4, a007146. [CrossRef] [PubMed]
13. LeBien, T.W.; Tedder, T.F. B lymphocytes: How they develop and function. Blood 2008, 112, 1570–1580.

[CrossRef] [PubMed]
14. Oliver, A.M.; Martin, F.; Gartland, G.L.; Carter, R.H.; Kearney, J.F. Marginal zone B cells exhibit unique

activation, proliferative and immunoglobulin secretory responses. Eur. J. Immunol. 1997, 27, 2366–2374.
[CrossRef] [PubMed]

15. McHeyzer-Williams, L.J.; Driver, D.J.; McHeyzer-Williams, M.G. Germinal center reaction.
Curr. Opin. Hematol. 2001, 8, 52–59. [CrossRef]

16. Shapiro-Shelef, M.; Calame, K. Regulation of plasma-cell development. Nat. Rev. Immunol. 2005, 5, 230–242.
[CrossRef]

17. McHeyzer-Williams, L.J.; McHeyzer-Williams, M.G. Antigen-specific memory B cell development.
Annu. Rev. Immunol. 2005, 23, 487–513. [CrossRef]

18. Ramadan, A.; Land, W.G.; Paczesny, S. Editorial: Danger Signals Triggering Immune Response and
Inflammation. Front. Immunol. 2017, 8, 979. [CrossRef]

19. Loo, Y.M.; Gale, M., Jr. Immune signaling by RIG-I-like receptors. Immunity 2011, 34, 680–692. [CrossRef]

http://dx.doi.org/10.1038/nrclinonc.2016.221
http://www.ncbi.nlm.nih.gov/pubmed/28071678
http://dx.doi.org/10.3389/fimmu.2019.00965
http://www.ncbi.nlm.nih.gov/pubmed/31130955
http://dx.doi.org/10.1016/j.immuni.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27396958
http://dx.doi.org/10.1016/j.celrep.2018.07.084
http://www.ncbi.nlm.nih.gov/pubmed/30157439
http://dx.doi.org/10.1038/ni.2524
http://dx.doi.org/10.1038/35085509
http://dx.doi.org/10.1038/1821383a0
http://dx.doi.org/10.1038/242019a0
http://dx.doi.org/10.1016/S1471-4906(03)00119-4
http://dx.doi.org/10.1101/cshperspect.a007146
http://www.ncbi.nlm.nih.gov/pubmed/22378602
http://dx.doi.org/10.1182/blood-2008-02-078071
http://www.ncbi.nlm.nih.gov/pubmed/18725575
http://dx.doi.org/10.1002/eji.1830270935
http://www.ncbi.nlm.nih.gov/pubmed/9341782
http://dx.doi.org/10.1097/00062752-200101000-00010
http://dx.doi.org/10.1038/nri1572
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115732
http://dx.doi.org/10.3389/fimmu.2017.00979
http://dx.doi.org/10.1016/j.immuni.2011.05.003


Cancers 2020, 12, 2117 11 of 17

20. Lechouane, F.; Bonaud, A.; Delpy, L.; Casola, S.; Oruc, Z.; Chemin, G.; Cogne, M.; Sirac, C. B-cell receptor
signal strength influences terminal differentiation. Eur. J. Immunol. 2013, 43, 619–628. [CrossRef]

21. Chiron, D.; Bekeredjian-Ding, I.; Pellat-Deceunynck, C.; Bataille, R.; Jego, G. Toll-like receptors: Lessons to
learn from normal and malignant human B cells. Blood 2008, 112, 2205–2213. [CrossRef] [PubMed]

22. Waters, L.R.; Ahsan, F.M.; Wolf, D.M.; Shirihai, O.; Teitell, M.A. Initial B Cell Activation Induces Metabolic
Reprogramming and Mitochondrial Remodeling. iScience 2018, 5, 99–109. [CrossRef] [PubMed]

23. Jeon, K.I.; Park, E.; Park, H.R.; Jeon, Y.J.; Cha, S.H.; Lee, S.C. Antioxidant activity of far-infrared radiated rice
hull extracts on reactive oxygen species scavenging and oxidative DNA damage in human lymphocytes.
J. Med. Food 2006, 9, 42–48. [CrossRef] [PubMed]

24. Freeman, B.A.; Crapo, J.D. Biology of disease: Free radicals and tissue injury. Lab. Investig. 1982, 47, 412–426.
[PubMed]

25. Thannickal, V.J.; Fanburg, B.L. Reactive oxygen species in cell signaling. Am. J. Physiol. Lung Cell Mol. Physiol.
2000, 279, L1005–L1028. [CrossRef] [PubMed]

26. Price, M.J.; Patterson, D.G.; Scharer, C.D.; Boss, J.M. Progressive Upregulation of Oxidative Metabolism
Facilitates Plasmablast Differentiation to a T-Independent Antigen. Cell Rep. 2018, 23, 3152–3159. [CrossRef]

27. Ushio-Fukai, M.; Alexander, R.W.; Akers, M.; Yin, Q.; Fujio, Y.; Walsh, K.; Griendling, K.K. Reactive oxygen
species mediate the activation of Akt/protein kinase B by angiotensin II in vascular smooth muscle cells.
J. Biol. Chem. 1999, 274, 22699–22704. [CrossRef]

28. Marumo, T.; Schini-Kerth, V.B.; Fisslthaler, B.; Busse, R. Platelet-derived growth factor-stimulated superoxide
anion production modulates activation of transcription factor NF-kappaB and expression of monocyte
chemoattractant protein 1 in human aortic smooth muscle cells. Circulation 1997, 96, 2361–2367. [CrossRef]

29. Zhu, Z.; Shukla, A.; Ramezani-Rad, P.; Apgar, J.R.; Rickert, R.C. The AKT isoforms 1 and 2 drive B cell fate
decisions during the germinal center response. Life Sci. Alliance 2019, 2. [CrossRef]

30. Gerondakis, S.; Siebenlist, U. Roles of the NF-kappaB pathway in lymphocyte development and function.
Cold Spring Harb. Perspect. Biol. 2010, 2, a000182. [CrossRef]

31. Higgins, B.W.; McHeyzer-Williams, L.J.; McHeyzer-Williams, M.G. Programming Isotype-Specific Plasma
Cell Function. Trends Immunol. 2019, 40, 345–357. [CrossRef] [PubMed]

32. Racine, R.; Winslow, G.M. IgM in microbial infections: Taken for granted? Immunol. Lett. 2009, 125, 79–85.
[CrossRef] [PubMed]

33. Fitzsimmons, C.M.; Falcone, F.H.; Dunne, D.W. Helminth Allergens, Parasite-Specific IgE, and Its Protective
Role in Human Immunity. Front. Immunol. 2014, 5, 61. [CrossRef] [PubMed]

34. Gould, H.J.; Sutton, B.J. IgE in allergy and asthma today. Nat. Rev. Immunol. 2008, 8, 205–217. [CrossRef]
35. Nakajima, A.; Vogelzang, A.; Maruya, M.; Miyajima, M.; Murata, M.; Son, A.; Kuwahara, T.; Tsuruyama, T.;

Yamada, S.; Matsuura, M.; et al. IgA regulates the composition and metabolic function of gut microbiota by
promoting symbiosis between bacteria. J. Exp. Med. 2018, 215, 2019–2034. [CrossRef]

36. Schroeder, H.W., Jr.; Cavacini, L. Structure and function of immunoglobulins. J. Allergy Clin. Immunol. 2010,
125, S41–S52. [CrossRef]

37. Slifka, M.K.; Antia, R.; Whitmire, J.K.; Ahmed, R. Humoral immunity due to long-lived plasma cells.
Immunity 1998, 8, 363–372. [CrossRef]

38. Bernasconi, N.L.; Traggiai, E.; Lanzavecchia, A. Maintenance of serological memory by polyclonal activation
of human memory B cells. Science 2002, 298, 2199–2202. [CrossRef]

39. Ahuja, A.; Anderson, S.M.; Khalil, A.; Shlomchik, M.J. Maintenance of the plasma cell pool is independent of
memory B cells. Proc. Natl. Acad. Sci. USA 2008, 105, 4802–4807. [CrossRef]

40. Gray, D.; Skarvall, H. B-cell memory is short-lived in the absence of antigen. Nature 1988, 336, 70–73.
[CrossRef]

41. Manz, R.A.; Lohning, M.; Cassese, G.; Thiel, A.; Radbruch, A. Survival of long-lived plasma cells is
independent of antigen. Int. Immunol. 1998, 10, 1703–1711. [CrossRef] [PubMed]

42. Fahey, J.L.; Sell, S. The Immunoglobulins of Mice. V. The Metabolic (Catabolic) Properties of Five
Immunoglobulin Classes. J. Exp. Med. 1965, 122, 41–58. [CrossRef] [PubMed]

43. Amanna, I.J.; Carlson, N.E.; Slifka, M.K. Duration of humoral immunity to common viral and vaccine
antigens. N. Engl. J. Med. 2007, 357, 1903–1915. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/eji.201242912
http://dx.doi.org/10.1182/blood-2008-02-140673
http://www.ncbi.nlm.nih.gov/pubmed/18591383
http://dx.doi.org/10.1016/j.isci.2018.07.005
http://www.ncbi.nlm.nih.gov/pubmed/30240649
http://dx.doi.org/10.1089/jmf.2006.9.42
http://www.ncbi.nlm.nih.gov/pubmed/16579727
http://www.ncbi.nlm.nih.gov/pubmed/6290784
http://dx.doi.org/10.1152/ajplung.2000.279.6.L1005
http://www.ncbi.nlm.nih.gov/pubmed/11076791
http://dx.doi.org/10.1016/j.celrep.2018.05.053
http://dx.doi.org/10.1074/jbc.274.32.22699
http://dx.doi.org/10.1161/01.CIR.96.7.2361
http://dx.doi.org/10.26508/lsa.201900506
http://dx.doi.org/10.1101/cshperspect.a000182
http://dx.doi.org/10.1016/j.it.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30846256
http://dx.doi.org/10.1016/j.imlet.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/19539648
http://dx.doi.org/10.3389/fimmu.2014.00061
http://www.ncbi.nlm.nih.gov/pubmed/24592267
http://dx.doi.org/10.1038/nri2273
http://dx.doi.org/10.1084/jem.20180427
http://dx.doi.org/10.1016/j.jaci.2009.09.046
http://dx.doi.org/10.1016/S1074-7613(00)80541-5
http://dx.doi.org/10.1126/science.1076071
http://dx.doi.org/10.1073/pnas.0800555105
http://dx.doi.org/10.1038/336070a0
http://dx.doi.org/10.1093/intimm/10.11.1703
http://www.ncbi.nlm.nih.gov/pubmed/9846699
http://dx.doi.org/10.1084/jem.122.1.41
http://www.ncbi.nlm.nih.gov/pubmed/14330751
http://dx.doi.org/10.1056/NEJMoa066092
http://www.ncbi.nlm.nih.gov/pubmed/17989383


Cancers 2020, 12, 2117 12 of 17

44. Radbruch, A.; Muehlinghaus, G.; Luger, E.O.; Inamine, A.; Smith, K.G.; Dorner, T.; Hiepe, F. Competence
and competition: The challenge of becoming a long-lived plasma cell. Nat. Rev. Immunol. 2006, 6, 741–750.
[CrossRef] [PubMed]

45. Tellier, J.; Nutt, S.L. Standing out from the crowd: How to identify plasma cells. Eur. J. Immunol. 2017,
47, 1276–1279. [CrossRef] [PubMed]

46. Stone, S.L.; Peel, J.N.; Scharer, C.D.; Risley, C.A.; Chisolm, D.A.; Schultz, M.D.; Yu, B.; Ballesteros-Tato, A.;
Wojciechowski, W.; Mousseau, B.; et al. T-bet Transcription Factor Promotes Antibody-Secreting Cell
Differentiation by Limiting the Inflammatory Effects of IFN-gamma on B Cells. Immunity 2019, 50, 1172–1187
e1177. [CrossRef] [PubMed]

47. Chevrier, S.; Emslie, D.; Shi, W.; Kratina, T.; Wellard, C.; Karnowski, A.; Erikci, E.; Smyth, G.K.; Chowdhury, K.;
Tarlinton, D.; et al. The BTB-ZF transcription factor Zbtb20 is driven by Irf4 to promote plasma cell
differentiation and longevity. J. Exp. Med. 2014, 211, 827–840. [CrossRef]

48. Chevrier, S.; Genton, C.; Kallies, A.; Karnowski, A.; Otten, L.A.; Malissen, B.; Malissen, M.; Botto, M.;
Corcoran, L.M.; Nutt, S.L.; et al. CD93 is required for maintenance of antibody secretion and persistence of
plasma cells in the bone marrow niche. Proc. Natl. Acad. Sci. USA 2009, 106, 3895–3900. [CrossRef]

49. Barwick, B.G.; Scharer, C.D.; Bally, A.P.R.; Boss, J.M. Plasma cell differentiation is coupled to
division-dependent DNA hypomethylation and gene regulation. Nat. Immunol. 2016, 17, 1216–1225.
[CrossRef]

50. Scharer, C.D.; Barwick, B.G.; Guo, M.; Bally, A.P.R.; Boss, J.M. Plasma cell differentiation is controlled by
multiple cell division-coupled epigenetic programs. Nat. Commun. 2018, 9, 1698. [CrossRef]

51. Delogu, A.; Schebesta, A.; Sun, Q.; Aschenbrenner, K.; Perlot, T.; Busslinger, M. Gene repression by Pax5 in
B cells is essential for blood cell homeostasis and is reversed in plasma cells. Immunity 2006, 24, 269–281.
[CrossRef] [PubMed]

52. Bohannon, C.; Powers, R.; Satyabhama, L.; Cui, A.; Tipton, C.; Michaeli, M.; Skountzou, I.; Mittler, R.S.;
Kleinstein, S.H.; Mehr, R.; et al. Long-lived antigen-induced IgM plasma cells demonstrate somatic mutations
and contribute to long-term protection. Nat. Commun. 2016, 7, 11826. [CrossRef] [PubMed]

53. Landsverk, O.J.; Snir, O.; Casado, R.B.; Richter, L.; Mold, J.E.; Reu, P.; Horneland, R.; Paulsen, V.; Yaqub, S.;
Aandahl, E.M.; et al. Antibody-secreting plasma cells persist for decades in human intestine. J. Exp. Med.
2017, 214, 309–317. [CrossRef] [PubMed]

54. Luger, E.O.; Fokuhl, V.; Wegmann, M.; Abram, M.; Tillack, K.; Achatz, G.; Manz, R.A.; Worm, M.; Radbruch, A.;
Renz, H. Induction of long-lived allergen-specific plasma cells by mucosal allergen challenge. J. Allergy
Clin. Immunol. 2009, 124, 819–826 e814. [CrossRef]

55. Nie, Y.; Waite, J.; Brewer, F.; Sunshine, M.J.; Littman, D.R.; Zou, Y.R. The role of CXCR4 in maintaining
peripheral B cell compartments and humoral immunity. J. Exp. Med. 2004, 200, 1145–1156. [CrossRef]

56. Hargreaves, D.C.; Hyman, P.L.; Lu, T.T.; Ngo, V.N.; Bidgol, A.; Suzuki, G.; Zou, Y.R.; Littman, D.R.; Cyster, J.G.
A coordinated change in chemokine responsiveness guides plasma cell movements. J. Exp. Med. 2001,
194, 45–56. [CrossRef]

57. Belnoue, E.; Tougne, C.; Rochat, A.F.; Lambert, P.H.; Pinschewer, D.D.; Siegrist, C.A. Homing and adhesion
patterns determine the cellular composition of the bone marrow plasma cell niche. J. Immunol. 2012,
188, 1283–1291. [CrossRef]

58. Chu, V.T.; Frohlich, A.; Steinhauser, G.; Scheel, T.; Roch, T.; Fillatreau, S.; Lee, J.J.; Lohning, M.; Berek, C.
Eosinophils are required for the maintenance of plasma cells in the bone marrow. Nat. Immunol. 2011,
12, 151–159. [CrossRef]

59. Nguyen, D.C.; Garimalla, S.; Xiao, H.; Kyu, S.; Albizua, I.; Galipeau, J.; Chiang, K.Y.; Waller, E.K.; Wu, R.;
Gibson, G.; et al. Factors of the bone marrow microniche that support human plasma cell survival and
immunoglobulin secretion. Nat. Commun. 2018, 9, 3698. [CrossRef]

60. Minges Wols, H.A.; Underhill, G.H.; Kansas, G.S.; Witte, P.L. The role of bone marrow-derived stromal cells
in the maintenance of plasma cell longevity. J. Immunol. 2002, 169, 4213–4221. [CrossRef]

61. Jourdan, M.; Cren, M.; Robert, N.; Bollore, K.; Fest, T.; Duperray, C.; Guilloton, F.; Hose, D.; Tarte, K.; Klein, B.
IL-6 supports the generation of human long-lived plasma cells in combination with either APRIL or stromal
cell-soluble factors. Leukemia 2014, 28, 1647–1656. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nri1886
http://www.ncbi.nlm.nih.gov/pubmed/16977339
http://dx.doi.org/10.1002/eji.201747168
http://www.ncbi.nlm.nih.gov/pubmed/28787106
http://dx.doi.org/10.1016/j.immuni.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31076359
http://dx.doi.org/10.1084/jem.20131831
http://dx.doi.org/10.1073/pnas.0809736106
http://dx.doi.org/10.1038/ni.3519
http://dx.doi.org/10.1038/s41467-018-04125-8
http://dx.doi.org/10.1016/j.immuni.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16546096
http://dx.doi.org/10.1038/ncomms11826
http://www.ncbi.nlm.nih.gov/pubmed/27270306
http://dx.doi.org/10.1084/jem.20161590
http://www.ncbi.nlm.nih.gov/pubmed/28104812
http://dx.doi.org/10.1016/j.jaci.2009.06.047
http://dx.doi.org/10.1084/jem.20041185
http://dx.doi.org/10.1084/jem.194.1.45
http://dx.doi.org/10.4049/jimmunol.1103169
http://dx.doi.org/10.1038/ni.1981
http://dx.doi.org/10.1038/s41467-018-05853-7
http://dx.doi.org/10.4049/jimmunol.169.8.4213
http://dx.doi.org/10.1038/leu.2014.61
http://www.ncbi.nlm.nih.gov/pubmed/24504026


Cancers 2020, 12, 2117 13 of 17

62. Glatman Zaretsky, A.; Konradt, C.; Depis, F.; Wing, J.B.; Goenka, R.; Atria, D.G.; Silver, J.S.; Cho, S.; Wolf, A.I.;
Quinn, W.J.; et al. T Regulatory Cells Support Plasma Cell Populations in the Bone Marrow. Cell Rep. 2017,
18, 1906–1916. [CrossRef] [PubMed]

63. Koorella, C.; Nair, J.R.; Murray, M.E.; Carlson, L.M.; Watkins, S.K.; Lee, K.P. Novel regulation of
CD80/CD86-induced phosphatidylinositol 3-kinase signaling by NOTCH1 protein in interleukin-6 and
indoleamine 2,3-dioxygenase production by dendritic cells. J. Biol. Chem. 2014, 289, 7747–7762. [CrossRef]
[PubMed]

64. Rodriguez Gomez, M.; Talke, Y.; Goebel, N.; Hermann, F.; Reich, B.; Mack, M. Basophils support the survival
of plasma cells in mice. J. Immunol. 2010, 185, 7180–7185. [CrossRef]

65. Winter, O.; Moser, K.; Mohr, E.; Zotos, D.; Kaminski, H.; Szyska, M.; Roth, K.; Wong, D.M.; Dame, C.;
Tarlinton, D.M.; et al. Megakaryocytes constitute a functional component of a plasma cell niche in the bone
marrow. Blood 2010, 116, 1867–1875. [CrossRef]

66. Minges Wols, H.A.; Ippolito, J.A.; Yu, Z.; Palmer, J.L.; White, F.A.; Le, P.T.; Witte, P.L. The effects of
microenvironment and internal programming on plasma cell survival. Int. Immunol. 2007, 19, 837–846.
[CrossRef]

67. Mohr, E.; Serre, K.; Manz, R.A.; Cunningham, A.F.; Khan, M.; Hardie, D.L.; Bird, R.; MacLennan, I.C.
Dendritic cells and monocyte/macrophages that create the IL-6/APRIL-rich lymph node microenvironments
where plasmablasts mature. J. Immunol. 2009, 182, 2113–2123. [CrossRef]

68. Benson, M.J.; Dillon, S.R.; Castigli, E.; Geha, R.S.; Xu, S.; Lam, K.P.; Noelle, R.J. Cutting edge: The dependence
of plasma cells and independence of memory B cells on BAFF and APRIL. J. Immunol. 2008, 180, 3655–3659.
[CrossRef]

69. Iwakoshi, N.N.; Lee, A.H.; Vallabhajosyula, P.; Otipoby, K.L.; Rajewsky, K.; Glimcher, L.H. Plasma cell
differentiation and the unfolded protein response intersect at the transcription factor XBP-1. Nat. Immunol.
2003, 4, 321–329. [CrossRef]

70. Iwakoshi, N.N.; Lee, A.H.; Glimcher, L.H. The X-box binding protein-1 transcription factor is required for
plasma cell differentiation and the unfolded protein response. Immunol. Rev. 2003, 194, 29–38. [CrossRef]

71. Gass, J.N.; Gunn, K.E.; Sriburi, R.; Brewer, J.W. Stressed-out B cells? Plasma-cell differentiation and the
unfolded protein response. Trends Immunol. 2004, 25, 17–24. [CrossRef] [PubMed]

72. Deter, R.L.; De Duve, C. Influence of glucagon, an inducer of cellular autophagy, on some physical properties
of rat liver lysosomes. J. Cell Biol. 1967, 33, 437–449. [CrossRef] [PubMed]

73. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12.
[CrossRef] [PubMed]

74. Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L. AMPK and mTOR regulate autophagy through direct
phosphorylation of Ulk1. Nat. Cell Biol. 2011, 13, 132–141. [CrossRef] [PubMed]

75. Sabatini, D.M. Twenty-five years of mTOR: Uncovering the link from nutrients to growth. Proc. Natl. Acad.
Sci. USA 2017, 114, 11818–11825. [CrossRef] [PubMed]

76. Inoki, K.; Kim, J.; Guan, K.L. AMPK and mTOR in cellular energy homeostasis and drug targets. Annu. Rev.
Pharmacol. Toxicol. 2012, 52, 381–400. [CrossRef]

77. Stromberg, T.; Dimberg, A.; Hammarberg, A.; Carlson, K.; Osterborg, A.; Nilsson, K.; Jernberg-Wiklund, H.
Rapamycin sensitizes multiple myeloma cells to apoptosis induced by dexamethasone. Blood 2004,
103, 3138–3147. [CrossRef]

78. Seo, W.D.; Lee, J.H.; Jia, Y.; Wu, C.; Lee, S.J. Saponarin activates AMPK in a calcium-dependent manner
and suppresses gluconeogenesis and increases glucose uptake via phosphorylation of CRTC2 and HDAC5.
Bioorg. Med. Chem. Lett. 2015, 25, 5237–5242. [CrossRef]

79. Zhao, M.; Chen, J.; Mao, K.; She, H.; Ren, Y.; Gui, C.; Wu, X.; Zou, F.; Li, W. Mitochondrial calcium dysfunction
contributes to autophagic cell death induced by MPP(+) via AMPK pathway. Biochem. Biophys. Res. Commun.
2019, 509, 390–394. [CrossRef]

80. Alers, S.; Loffler, A.S.; Wesselborg, S.; Stork, B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy:
Cross talk, shortcuts, and feedbacks. Mol. Cell Biol. 2012, 32, 2–11. [CrossRef]

81. Wang, Y.; Xu, W.; Yan, Z.; Zhao, W.; Mi, J.; Li, J.; Yan, H. Metformin induces autophagy and G0/G1 phase cell
cycle arrest in myeloma by targeting the AMPK/mTORC1 and mTORC2 pathways. J. Exp. Clin. Cancer Res.
2018, 37, 63. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.celrep.2017.01.067
http://www.ncbi.nlm.nih.gov/pubmed/28228257
http://dx.doi.org/10.1074/jbc.M113.519686
http://www.ncbi.nlm.nih.gov/pubmed/24415757
http://dx.doi.org/10.4049/jimmunol.1002319
http://dx.doi.org/10.1182/blood-2009-12-259457
http://dx.doi.org/10.1093/intimm/dxm051
http://dx.doi.org/10.4049/jimmunol.0802771
http://dx.doi.org/10.4049/jimmunol.180.6.3655
http://dx.doi.org/10.1038/ni907
http://dx.doi.org/10.1034/j.1600-065X.2003.00057.x
http://dx.doi.org/10.1016/j.it.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/14698280
http://dx.doi.org/10.1083/jcb.33.2.437
http://www.ncbi.nlm.nih.gov/pubmed/4292315
http://dx.doi.org/10.1002/path.2697
http://www.ncbi.nlm.nih.gov/pubmed/20225336
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.1073/pnas.1716173114
http://www.ncbi.nlm.nih.gov/pubmed/29078414
http://dx.doi.org/10.1146/annurev-pharmtox-010611-134537
http://dx.doi.org/10.1182/blood-2003-05-1543
http://dx.doi.org/10.1016/j.bmcl.2015.09.057
http://dx.doi.org/10.1016/j.bbrc.2018.12.148
http://dx.doi.org/10.1128/MCB.06159-11
http://dx.doi.org/10.1186/s13046-018-0731-5
http://www.ncbi.nlm.nih.gov/pubmed/29554968


Cancers 2020, 12, 2117 14 of 17

82. Van Leeuwen, J.E.; Samelson, L.E. T cell antigen-receptor signal transduction. Curr. Opin. Immunol. 1999,
11, 242–248. [CrossRef]

83. Li, X.B.; Gu, J.D.; Zhou, Q.H. Review of aerobic glycolysis and its key enzymes—New targets for lung cancer
therapy. Thorac. Cancer 2015, 6, 17–24. [CrossRef] [PubMed]

84. Liberti, M.V.; Locasale, J.W. The Warburg Effect: How Does it Benefit Cancer Cells? Trends Biochem. Sci. 2016,
41, 211–218. [CrossRef]

85. Maiso, P.; Huynh, D.; Moschetta, M.; Sacco, A.; Aljawai, Y.; Mishima, Y.; Asara, J.M.; Roccaro, A.M.;
Kimmelman, A.C.; Ghobrial, I.M. Metabolic signature identifies novel targets for drug resistance in multiple
myeloma. Cancer Res. 2015, 75, 2071–2082. [CrossRef]

86. Zhang, H.; Li, L.; Chen, Q.; Li, M.; Feng, J.; Sun, Y.; Zhao, R.; Zhu, Y.; Lv, Y.; Zhu, Z.; et al. PGC1beta
regulates multiple myeloma tumor growth through LDHA-mediated glycolytic metabolism. Mol. Oncol.
2018, 12, 1579–1595. [CrossRef]

87. Boise, L.H.; Shanmugam, M. Stromal Support of Metabolic Function through Mitochondrial Transfer in
Multiple Myeloma. Cancer Res. 2019, 79, 2102–2103. [CrossRef]

88. Richardson, P.G. A review of the proteasome inhibitor bortezomib in multiple myeloma.
Expert. Opin. Pharmacother. 2004, 5, 1321–1331. [CrossRef]

89. Lopez-Girona, A.; Mendy, D.; Ito, T.; Miller, K.; Gandhi, A.K.; Kang, J.; Karasawa, S.; Carmel, G.; Jackson, P.;
Abbasian, M.; et al. Cereblon is a direct protein target for immunomodulatory and antiproliferative activities
of lenalidomide and pomalidomide. Leukemia 2012, 26, 2326–2335. [CrossRef]

90. Gado, K.; Domjan, G.; Hegyesi, H.; Falus, A. Role of INTERLEUKIN-6 in the pathogenesis of multiple
myeloma. Cell Biol. Int. 2000, 24, 195–209. [CrossRef]

91. Cho, S.F.; Anderson, K.C.; Tai, Y.T. Targeting B Cell Maturation Antigen (BCMA) in Multiple Myeloma:
Potential Uses of BCMA-Based Immunotherapy. Front. Immunol. 2018, 9, 1821. [CrossRef]

92. Langat, D.L.; Wheaton, D.A.; Platt, J.S.; Sifers, T.; Hunt, J.S. Signaling pathways for B cell-activating factor
(BAFF) and a proliferation-inducing ligand (APRIL) in human placenta. Am. J. Pathol. 2008, 172, 1303–1311.
[CrossRef]

93. Bossen, C.; Schneider, P. BAFF, APRIL and their receptors: Structure, function and signaling. Semin. Immunol.
2006, 18, 263–275. [CrossRef] [PubMed]

94. Tai, Y.T.; Acharya, C.; An, G.; Moschetta, M.; Zhong, M.Y.; Feng, X.; Cea, M.; Cagnetta, A.; Wen, K.; van
Eenennaam, H.; et al. APRIL and BCMA promote human multiple myeloma growth and immunosuppression
in the bone marrow microenvironment. Blood 2016, 127, 3225–3236. [CrossRef] [PubMed]

95. Wang, J.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.; De Wever, O.;
Vanderkerken, K.; Menu, E. Bone marrow stromal cell-derived exosomes as communicators in drug resistance
in multiple myeloma cells. Blood 2014, 124, 555–566. [CrossRef] [PubMed]

96. Tai, Y.T.; Li, X.F.; Breitkreutz, I.; Song, W.; Neri, P.; Catley, L.; Podar, K.; Hideshima, T.; Chauhan, D.; Raje, N.;
et al. Role of B-cell-activating factor in adhesion and growth of human multiple myeloma cells in the bone
marrow microenvironment. Cancer Res. 2006, 66, 6675–6682. [CrossRef]

97. Tai, Y.T.; Podar, K.; Catley, L.; Tseng, Y.H.; Akiyama, M.; Shringarpure, R.; Burger, R.; Hideshima, T.;
Chauhan, D.; Mitsiades, N.; et al. Insulin-like growth factor-1 induces adhesion and migration in human
multiple myeloma cells via activation of beta1-integrin and phosphatidylinositol 3’-kinase/AKT signaling.
Cancer Res. 2003, 63, 5850–5858.

98. Neri, P.; Ren, L.; Azab, A.K.; Brentnall, M.; Gratton, K.; Klimowicz, A.C.; Lin, C.; Duggan, P.; Tassone, P.;
Mansoor, A.; et al. Integrin beta7-mediated regulation of multiple myeloma cell adhesion, migration,
and invasion. Blood 2011, 117, 6202–6213. [CrossRef]

99. Gupta, V.A.; Matulis, S.M.; Conage-Pough, J.E.; Nooka, A.K.; Kaufman, J.L.; Lonial, S.; Boise, L.H. Bone
marrow microenvironment-derived signals induce Mcl-1 dependence in multiple myeloma. Blood 2017,
129, 1969–1979. [CrossRef]

100. Peperzak, V.; Vikstrom, I.; Walker, J.; Glaser, S.P.; LePage, M.; Coquery, C.M.; Erickson, L.D.; Fairfax, K.;
Mackay, F.; Strasser, A.; et al. Mcl-1 is essential for the survival of plasma cells. Nat. Immunol. 2013,
14, 290–297. [CrossRef]

101. Raje, N.; Berdeja, J.; Lin, Y.; Siegel, D.; Jagannath, S.; Madduri, D.; Liedtke, M.; Rosenblatt, J.; Maus, M.V.;
Turka, A.; et al. Anti-BCMA CAR T-Cell Therapy bb2121 in Relapsed or Refractory Multiple Myeloma.
N. Engl. J. Med. 2019, 380, 1726–1737. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0952-7915(99)80040-5
http://dx.doi.org/10.1111/1759-7714.12148
http://www.ncbi.nlm.nih.gov/pubmed/26273330
http://dx.doi.org/10.1016/j.tibs.2015.12.001
http://dx.doi.org/10.1158/0008-5472.CAN-14-3400
http://dx.doi.org/10.1002/1878-0261.12363
http://dx.doi.org/10.1158/0008-5472.CAN-19-0500
http://dx.doi.org/10.1517/14656566.5.6.1321
http://dx.doi.org/10.1038/leu.2012.119
http://dx.doi.org/10.1006/cbir.2000.0497
http://dx.doi.org/10.3389/fimmu.2018.01821
http://dx.doi.org/10.2353/ajpath.2008.071139
http://dx.doi.org/10.1016/j.smim.2006.04.006
http://www.ncbi.nlm.nih.gov/pubmed/16914324
http://dx.doi.org/10.1182/blood-2016-01-691162
http://www.ncbi.nlm.nih.gov/pubmed/27127303
http://dx.doi.org/10.1182/blood-2014-03-562439
http://www.ncbi.nlm.nih.gov/pubmed/24928860
http://dx.doi.org/10.1158/0008-5472.CAN-06-0190
http://dx.doi.org/10.1182/blood-2010-06-292243
http://dx.doi.org/10.1182/blood-2016-10-745059
http://dx.doi.org/10.1038/ni.2527
http://dx.doi.org/10.1056/NEJMoa1817226
http://www.ncbi.nlm.nih.gov/pubmed/31042825


Cancers 2020, 12, 2117 15 of 17

102. Sun, C.; Mahendravada, A.; Ballard, B.; Kale, B.; Ramos, C.; West, J.; Maguire, T.; McKay, K.; Lichtman, E.;
Tuchman, S.; et al. Safety and efficacy of targeting CD138 with a chimeric antigen receptor for the treatment
of multiple myeloma. Oncotarget 2019, 10, 2369–2383. [CrossRef] [PubMed]

103. Drent, E.; Groen, R.W.; Noort, W.A.; Themeli, M.; Lammerts van Bueren, J.J.; Parren, P.W.; Kuball, J.;
Sebestyen, Z.; Yuan, H.; de Bruijn, J.; et al. Pre-clinical evaluation of CD38 chimeric antigen receptor
engineered T cells for the treatment of multiple myeloma. Haematologica 2016, 101, 616–625. [CrossRef]
[PubMed]

104. Gogishvili, T.; Danhof, S.; Prommersberger, S.; Rydzek, J.; Schreder, M.; Brede, C.; Einsele, H.; Hudecek, M.
SLAMF7-CAR T cells eliminate myeloma and confer selective fratricide of SLAMF7(+) normal lymphocytes.
Blood 2017, 130, 2838–2847. [CrossRef] [PubMed]

105. Campbell, K.S.; Cohen, A.D.; Pazina, T. Mechanisms of NK Cell Activation and Clinical Activity of the
Therapeutic SLAMF7 Antibody, Elotuzumab in Multiple Myeloma. Front. Immunol. 2018, 9, 2551. [CrossRef]

106. Abdallah, N.; Kumar, S.K. Daratumumab in untreated newly diagnosed multiple myeloma.
Ther. Adv. Hematol. 2019, 10, 2040620719894871. [CrossRef]

107. Underhill, G.H.; George, D.; Bremer, E.G.; Kansas, G.S. Gene expression profiling reveals a highly specialized
genetic program of plasma cells. Blood 2003, 101, 4013–4021. [CrossRef]

108. Tarte, K.; Zhan, F.; De Vos, J.; Klein, B.; Shaughnessy, J., Jr. Gene expression profiling of plasma cells
and plasmablasts: Toward a better understanding of the late stages of B-cell differentiation. Blood 2003,
102, 592–600. [CrossRef]

109. Tellier, J.; Shi, W.; Minnich, M.; Liao, Y.; Crawford, S.; Smyth, G.K.; Kallies, A.; Busslinger, M.; Nutt, S.L.
Blimp-1 controls plasma cell function through the regulation of immunoglobulin secretion and the unfolded
protein response. Nat. Immunol. 2016, 17, 323–330. [CrossRef]

110. Nutt, S.L.; Hodgkin, P.D.; Tarlinton, D.M.; Corcoran, L.M. The generation of antibody-secreting plasma cells.
Nat. Rev. Immunol. 2015, 15, 160–171. [CrossRef]

111. June, C.H.; Ledbetter, J.A.; Gillespie, M.M.; Lindsten, T.; Thompson, C.B. T-cell proliferation involving the
CD28 pathway is associated with cyclosporine-resistant interleukin 2 gene expression. Mol. Cell Biol. 1987,
7, 4472–4481. [CrossRef] [PubMed]

112. Greenfield, E.A.; Nguyen, K.A.; Kuchroo, V.K. CD28/B7 costimulation: A review. Crit. Rev. Immunol. 1998,
18, 389–418. [CrossRef] [PubMed]

113. Alegre, M.L.; Frauwirth, K.A.; Thompson, C.B. T-cell regulation by CD28 and CTLA-4. Nat. Rev. Immunol.
2001, 1, 220–228. [CrossRef] [PubMed]

114. Linsley, P.S.; Brady, W.; Grosmaire, L.; Aruffo, A.; Damle, N.K.; Ledbetter, J.A. Binding of the B cell activation
antigen B7 to CD28 costimulates T cell proliferation and interleukin 2 mRNA accumulation. J. Exp. Med.
1991, 173, 721–730. [CrossRef] [PubMed]

115. Harding, F.A.; McArthur, J.G.; Gross, J.A.; Raulet, D.H.; Allison, J.P. CD28-mediated signalling co-stimulates
murine T cells and prevents induction of anergy in T-cell clones. Nature 1992, 356, 607–609. [CrossRef]

116. Vella, A.T.; Mitchell, T.; Groth, B.; Linsley, P.S.; Green, J.M.; Thompson, C.B.; Kappler, J.W.; Marrack, P. CD28
engagement and proinflammatory cytokines contribute to T cell expansion and long-term survival in vivo.
J. Immunol. 1997, 158, 4714–4720.

117. Rudd, C.E. Upstream-downstream: CD28 cosignaling pathways and T cell function. Immunity 1996,
4, 527–534. [CrossRef]

118. Pellat-Deceunynck, C.; Bataille, R.; Robillard, N.; Harousseau, J.L.; Rapp, M.J.; Juge-Morineau, N.; Wijdenes, J.;
Amiot, M. Expression of CD28 and CD40 in human myeloma cells: A comparative study with normal plasma
cells. Blood 1994, 84, 2597–2603. [CrossRef]

119. Zhang, X.G.; Olive, D.; Devos, J.; Rebouissou, C.; Ghiotto-Ragueneau, M.; Ferlin, M.; Klein, B. Malignant
plasma cell lines express a functional CD28 molecule. Leukemia 1998, 12, 610–618. [CrossRef]

120. Kozbor, D.; Moretta, A.; Messner, H.A.; Moretta, L.; Croce, C.M. Tp44 molecules involved in
antigen-independent T cell activation are expressed on human plasma cells. J. Immunol. 1987, 138, 4128–4132.

121. Bahlis, N.J.; King, A.M.; Kolonias, D.; Carlson, L.M.; Liu, H.Y.; Hussein, M.A.; Terebelo, H.R.; Byrne, G.E., Jr.;
Levine, B.L.; Boise, L.H.; et al. CD28-mediated regulation of multiple myeloma cell proliferation and survival.
Blood 2007, 109, 5002–5010. [CrossRef] [PubMed]

http://dx.doi.org/10.18632/oncotarget.26792
http://www.ncbi.nlm.nih.gov/pubmed/31040928
http://dx.doi.org/10.3324/haematol.2015.137620
http://www.ncbi.nlm.nih.gov/pubmed/26858358
http://dx.doi.org/10.1182/blood-2017-04-778423
http://www.ncbi.nlm.nih.gov/pubmed/29089311
http://dx.doi.org/10.3389/fimmu.2018.02551
http://dx.doi.org/10.1177/2040620719894871
http://dx.doi.org/10.1182/blood-2002-08-2673
http://dx.doi.org/10.1182/blood-2002-10-3161
http://dx.doi.org/10.1038/ni.3348
http://dx.doi.org/10.1038/nri3795
http://dx.doi.org/10.1128/MCB.7.12.4472
http://www.ncbi.nlm.nih.gov/pubmed/2830495
http://dx.doi.org/10.1615/CritRevImmunol.v18.i5.10
http://www.ncbi.nlm.nih.gov/pubmed/9784967
http://dx.doi.org/10.1038/35105024
http://www.ncbi.nlm.nih.gov/pubmed/11905831
http://dx.doi.org/10.1084/jem.173.3.721
http://www.ncbi.nlm.nih.gov/pubmed/1847722
http://dx.doi.org/10.1038/356607a0
http://dx.doi.org/10.1016/S1074-7613(00)80479-3
http://dx.doi.org/10.1182/blood.V84.8.2597.2597
http://dx.doi.org/10.1038/sj.leu.2400971
http://dx.doi.org/10.1182/blood-2006-03-012542
http://www.ncbi.nlm.nih.gov/pubmed/17311991


Cancers 2020, 12, 2117 16 of 17

122. Murray, M.E.; Gavile, C.M.; Nair, J.R.; Koorella, C.; Carlson, L.M.; Buac, D.; Utley, A.; Chesi, M.; Bergsagel, P.L.;
Boise, L.H.; et al. CD28-mediated pro-survival signaling induces chemotherapeutic resistance in multiple
myeloma. Blood 2014, 123, 3770–3779. [CrossRef] [PubMed]

123. Leone, P.; Berardi, S.; Frassanito, M.A.; Ria, R.; De Re, V.; Cicco, S.; Battaglia, S.; Ditonno, P.; Dammacco, F.;
Vacca, A.; et al. Dendritic cells accumulate in the bone marrow of myeloma patients where they protect
tumor plasma cells from CD8+ T-cell killing. Blood 2015, 126, 1443–1451. [CrossRef] [PubMed]

124. Dodson, L.F.; Boomer, J.S.; Deppong, C.M.; Shah, D.D.; Sim, J.; Bricker, T.L.; Russell, J.H.; Green, J.M. Targeted
knock-in mice expressing mutations of CD28 reveal an essential pathway for costimulation. Mol. Cell Biol.
2009, 29, 3710–3721. [CrossRef]

125. Ferguson, S.E.; Han, S.; Kelsoe, G.; Thompson, C.B. CD28 is required for germinal center formation. J. Immunol.
1996, 156, 4576–4581.

126. Friend, L.D.; Shah, D.D.; Deppong, C.; Lin, J.; Bricker, T.L.; Juehne, T.I.; Rose, C.M.; Green, J.M.
A dose-dependent requirement for the proline motif of CD28 in cellular and humoral immunity revealed by
a targeted knockin mutant. J. Exp. Med. 2006, 203, 2121–2133. [CrossRef]

127. Shahinian, A.; Pfeffer, K.; Lee, K.P.; Kundig, T.M.; Kishihara, K.; Wakeham, A.; Kawai, K.; Ohashi, P.S.;
Thompson, C.B.; Mak, T.W. Differential T cell costimulatory requirements in CD28-deficient mice. Science
1993, 261, 609–612. [CrossRef]

128. Van Wijk, F.; Nierkens, S.; de Jong, W.; Wehrens, E.J.; Boon, L.; Van Kooten, P.; Knippels, L.M.; Pieters, R.
The CD28/CTLA-4-B7 signaling pathway is involved in both allergic sensitization and tolerance induction to
orally administered peanut proteins. J. Immunol. 2007, 178, 6894–6900. [CrossRef]

129. Ribeiro, A.C.; Laurindo, I.M.; Guedes, L.K.; Saad, C.G.; Moraes, J.C.; Silva, C.A.; Bonfa, E. Abatacept severely
reduces the immune response to pandemic 2009 influenza A/H1N1 vaccination in patients with rheumatoid
arthritis. Arthritis Care Res. (Hoboken.) 2012. [CrossRef]

130. Phelps, C.J.; Ball, S.F.; Vaught, T.D.; Vance, A.M.; Mendicino, M.; Monahan, J.A.; Walters, A.H.; Wells, K.D.;
Dandro, A.S.; Ramsoondar, J.J.; et al. Production and characterization of transgenic pigs expressing porcine
CTLA4-Ig. Xenotransplantation 2009, 16, 477–485. [CrossRef]

131. Horspool, J.H.; Perrin, P.J.; Woodcock, J.B.; Cox, J.H.; King, C.L.; June, C.H.; Harlan, D.M.; St Louis, D.C.;
Lee, K.P. Nucleic acid vaccine-induced immune responses require CD28 costimulation and are regulated by
CTLA4. J. Immunol. 1998, 160, 2706–2714. [PubMed]

132. Borriello, F.; Sethna, M.P.; Boyd, S.D.; Schweitzer, A.N.; Tivol, E.A.; Jacoby, D.; Strom, T.B.; Simpson, E.M.;
Freeman, G.J.; Sharpe, A.H. B7-1 and B7-2 have overlapping, critical roles in immunoglobulin class switching
and germinal center formation. Immunity 1997, 6, 303–313. [CrossRef]

133. Akalin, E.; Chandraker, A.; Russell, M.E.; Turka, L.A.; Hancock, W.W.; Sayegh, M.H. CD28-B7 T cell
costimulatory blockade by CTLA4Ig in the rat renal allograft model: Inhibition of cell-mediated and humoral
immune responses in vivo. Transplantation 1996, 62, 1942–1945. [CrossRef] [PubMed]

134. Van der Windt, G.J.; Pearce, E.L. Metabolic switching and fuel choice during T-cell differentiation and
memory development. Immunol. Rev. 2012, 249, 27–42. [CrossRef] [PubMed]

135. Michalek, R.D.; Rathmell, J.C. The metabolic life and times of a T-cell. Immunol. Rev. 2010, 236, 190–202.
[CrossRef]

136. Fox, C.J.; Hammerman, P.S.; Thompson, C.B. Fuel feeds function: Energy metabolism and the T-cell response.
Nat. Rev. Immunol. 2005, 5, 844–852. [CrossRef]

137. Frauwirth, K.A.; Riley, J.L.; Harris, M.H.; Parry, R.V.; Rathmell, J.C.; Plas, D.R.; Elstrom, R.L.; June, C.H.;
Thompson, C.B. The CD28 signaling pathway regulates glucose metabolism. Immunity 2002, 16, 769–777.
[CrossRef]

138. Buck, M.D.; O’Sullivan, D.; Klein Geltink, R.I.; Curtis, J.D.; Chang, C.H.; Sanin, D.E.; Qiu, J.; Kretz, O.;
Braas, D.; van der Windt, G.J.; et al. Mitochondrial Dynamics Controls T Cell Fate through Metabolic
Programming. Cell 2016, 166, 63–76. [CrossRef]

139. Klein Geltink, R.I.; O’Sullivan, D.; Corrado, M.; Bremser, A.; Buck, M.D.; Buescher, J.M.; Firat, E.; Zhu, X.;
Niedermann, G.; Caputa, G.; et al. Mitochondrial Priming by CD28. Cell 2017, 171, 385–397. [CrossRef]

140. Sena, L.A.; Li, S.; Jairaman, A.; Prakriya, M.; Ezponda, T.; Hildeman, D.A.; Wang, C.R.; Schumacker, P.T.;
Licht, J.D.; Perlman, H.; et al. Mitochondria are required for antigen-specific T cell activation through reactive
oxygen species signaling. Immunity 2013, 38, 225–236. [CrossRef]

http://dx.doi.org/10.1182/blood-2013-10-530964
http://www.ncbi.nlm.nih.gov/pubmed/24782505
http://dx.doi.org/10.1182/blood-2015-01-623975
http://www.ncbi.nlm.nih.gov/pubmed/26185130
http://dx.doi.org/10.1128/MCB.01869-08
http://dx.doi.org/10.1084/jem.20052230
http://dx.doi.org/10.1126/science.7688139
http://dx.doi.org/10.4049/jimmunol.178.11.6894
http://dx.doi.org/10.1002/acr.21838
http://dx.doi.org/10.1111/j.1399-3089.2009.00533.x
http://www.ncbi.nlm.nih.gov/pubmed/9510170
http://dx.doi.org/10.1016/S1074-7613(00)80333-7
http://dx.doi.org/10.1097/00007890-199612270-00047
http://www.ncbi.nlm.nih.gov/pubmed/8990393
http://dx.doi.org/10.1111/j.1600-065X.2012.01150.x
http://www.ncbi.nlm.nih.gov/pubmed/22889213
http://dx.doi.org/10.1111/j.1600-065X.2010.00911.x
http://dx.doi.org/10.1038/nri1710
http://dx.doi.org/10.1016/S1074-7613(02)00323-0
http://dx.doi.org/10.1016/j.cell.2016.05.035
http://dx.doi.org/10.1016/j.cell.2017.08.018
http://dx.doi.org/10.1016/j.immuni.2012.10.020


Cancers 2020, 12, 2117 17 of 17

141. Los, M.; Schenk, H.; Hexel, K.; Baeuerle, P.A.; Droge, W.; Schulze-Osthoff, K. IL-2 gene expression and
NF-kappa B activation through CD28 requires reactive oxygen production by 5-lipoxygenase. EMBO J. 1995,
14, 3731–3740. [CrossRef] [PubMed]

142. Grumont, R.J.; Gerondakis, S. Rel induces interferon regulatory factor 4 (IRF-4) expression in lymphocytes:
Modulation of interferon-regulated gene expression by rel/nuclear factor kappaB. J. Exp. Med. 2000,
191, 1281–1292. [CrossRef] [PubMed]

143. Mahnke, J.; Schumacher, V.; Ahrens, S.; Kading, N.; Feldhoff, L.M.; Huber, M.; Rupp, J.; Raczkowski, F.;
Mittrucker, H.W. Interferon Regulatory Factor 4 controls TH1 cell effector function and metabolism. Sci. Rep.
2016, 6, 35521. [CrossRef] [PubMed]

144. Man, K.; Miasari, M.; Shi, W.; Xin, A.; Henstridge, D.C.; Preston, S.; Pellegrini, M.; Belz, G.T.; Smyth, G.K.;
Febbraio, M.A.; et al. The transcription factor IRF4 is essential for TCR affinity-mediated metabolic
programming and clonal expansion of T cells. Nat. Immunol. 2013, 14, 1155–1165. [CrossRef]

145. Rozanski, C.H.; Arens, R.; Carlson, L.M.; Nair, J.; Boise, L.H.; Chanan-Khan, A.A.; Schoenberger, S.P.; Lee, K.P.
Sustained antibody responses depend on CD28 function in bone marrow-resident plasma cells. J. Exp. Med.
2011, 208, 1435–1446. [CrossRef]

146. Boomer, J.S.; Green, J.M. An enigmatic tail of CD28 signaling. Cold Spring Harb. Perspect. Biol. 2010, 2, a002436.
[CrossRef]

147. Utley, A.; Chavel, C.; Lightman, S.; Holling, G.A.; Cooper, J.; Peng, P.; Liu, W.; Barwick, B.G.; Gavile, C.M.;
Maguire, O.; et al. CD28 Regulates Metabolic Fitness for Long-Lived Plasma Cell Survival. Cell Rep. 2020,
31, 107815. [CrossRef]

148. Gavile, C.M.; Barwick, B.G.; Newman, S.; Neri, P.; Nooka, A.K.; Lonial, S.; Lee, K.P.; Boise, L.H. CD86
regulates myeloma cell survival. Blood Adv. 2017, 1, 2307–2319. [CrossRef]

149. Boise, L.H.; Kaufman, J.L.; Bahlis, N.J.; Lonial, S.; Lee, K.P. The Tao of myeloma. Blood 2014, 124, 1873–1879.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/j.1460-2075.1995.tb00043.x
http://www.ncbi.nlm.nih.gov/pubmed/7641692
http://dx.doi.org/10.1084/jem.191.8.1281
http://www.ncbi.nlm.nih.gov/pubmed/10770796
http://dx.doi.org/10.1038/srep35521
http://www.ncbi.nlm.nih.gov/pubmed/27762344
http://dx.doi.org/10.1038/ni.2710
http://dx.doi.org/10.1084/jem.20110040
http://dx.doi.org/10.1101/cshperspect.a002436
http://dx.doi.org/10.1016/j.celrep.2020.107815
http://dx.doi.org/10.1182/bloodadvances.2017011601
http://dx.doi.org/10.1182/blood-2014-05-578732
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	B Cell Biology and the Creation of a Plasma Cell 
	Long-Lived Plasma Cell Induction and Maintenance 
	Cellular Partners 
	Cell Intrinsic Programs 
	Autophagy 
	Metabolic Fitness 
	The Intersection of LLPC and MM 
	CD28: Bridging the BMME and Intrinsic Survival Programs in LLPC/MM 


	Conclusions 
	References

