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Around 10% of all hematologic malignancies are classified as multiple myeloma (MM), the
second most common malignancy within that group. Although massive progress in
developing of new drugs against MM has been made in recent years, MM is still an
incurable disease, and every patient eventually has relapse refractory to any known
treatment. That is why further and non-conventional research elucidating the role of new
factors in MM pathogenesis is needed, facilitating discoveries of the new drugs. One of
these factors is the gut microbiota, whose role in health and disease is still being explored.
This review presents the continuous changes in the gut microbiota composition during our
whole life with a particular focus on its impact on our immune system. Additionally, it
mainly focuses on the chronic antigenic stimulation of B-cells as the leading mechanism
responsible for MM promotion. The sophisticated interactions between microorganisms
colonizing our gut, immune cells (dendritic cells, macrophages, neutrophils, T/B cells,
plasma cells), and intestinal epithelial cells will be shown. That article summarizes the
current knowledge about the initiation of MM cells, emphasizing the role of
microorganisms in that process.

Keywords: multiple myeloma, gut microbiota, intestinal immune system, fecal microbiota transplantation, B cell,
plasma cell

1 INTRODUCTION

Multiple myeloma (MM) is a hematological neoplasm deriving from clonal plasma cells. In almost
every case, it is preceded by a premalignant stage called monoclonal gammopathy of undetermined
significance (MGUS) (1, 2). In 3-4% of the whole population over the age of 50, the diagnosis of
MGUS could be stated (3). The median age at the time of diagnosis of MM is approximately 70 years
(4). The global incidence of MM steadily increases, which can be only partly explained by aging,
with the highest score in Western European, North American, and Australasian populations
reaching in 2016 about 5 cases per 100 000 persons. In 2019 the global incidence of MM amounted
to 155 688 cases, compared to 138 509 in the year 2016. The age-standardized incidence rate (ASIR)
was 1.92/100 000 in 2019. During the 2019 year, 113 474 deaths were noted due to MM, whereas 98
437 were in 2016. That short period of three years shows the dynamics of the new MM cases
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increase. From 1990 to 2016, the incidence of new MM cases
increased by 126% (52.9% was attributed to aging, which is
typical for cancers that mainly affect the older population), while
deaths due to MM increased by 94% (5, 6). The incidence of MM
in the population <30 years is infrequent (0.02-0.3%) (7).
Fortunately, the prognosis for patients with MM significantly
improved during the last years, which is due to many new drugs,
better availability of autologous hematopoietic stem cell
transplantation (ASCT), and constantly emerging new
therapies such as CAR-T cells (8). To better illustrate the
progress: the 5-year survival rate of MM in 1975-1977 was
25% and reached 49% in 2005-2011 (9).

As mentioned before, almost all cases of MM pass through an
utterly asymptomatic phase referred to as MGUS, in which
monoclonal, malignant in their nature plasma cells live in the
patient’s body (2). Normal plasma cells carry on their surface the
following combination of antigens: CD19"/CD56/CD45"/
CD38", while the malignant plasma cells are losing CD19 and
CD45 and acquiring CD56 (10). The threshold, when the
abnormal plasma cells are still in a pre-cancerous entity,
MGUS, is set on less than 10% of all bone marrow
mononuclear cells (11). The oncogenesis is usually initiated
within germinal centers of the lymph node during the isotype
class switching and somatic hypermutation (SHM) occurrence
(12). The leading role in the normal plasma cells transformation
into malignant ones is attributed to cyclin D family proteins
mutations enabling G1/S transition (13). Only 1-2% of MGUS
patients progress to symptomatic MM per year (14). To become
malignant, plasma cells must gain the proliferation and growth
potential by self-renewing clone.

The two oncogenes believed to play a critical role in that
process are Ras and Myc (15, 16). Interestingly, the mutations
found in MM cells are also largely present at the MGUS stage,
suggesting that genetic mutations are necessary but insufficient
for myeloma development (17). The bone marrow environment
plays a complementary role in that process. In addition to genetic
factors and aging, environmental factors appear critical to
forming a cancerous cell in MM. During our lifetime, our body
cells, especially immunocompetent cells located in the lymphatic
tissues of the structures that separate us from the outside world,
e.g., in the intestines, skin, or liver, interact millions of times with
various environmental factors - animate and inanimate. The
more environmental signals for recombination and proliferation,
the greater the likelihood of mutation in plasma cells, as in any
other. It seems logical that chronic antigenic stimulation
provokes many rounds of proliferation and selection of B cells,
which means an increased risk of mutational changes starting
oncogenesis when not repaired. Finally, the last stage of the
disease is associated with stroma-independent growth and results
in extramedullary diseases or plasma cell leukemia (PCL). The
main pathway in this process is characterized by constitutive NF-
KB activation, which influences the expression of adhesion
molecules, such as VLA-4 (18).

In our previous work, we have described the role of the gut
microbiome in pathogenesis, biology, and treatment of plasma
cell dyscrasias (19). This review will gather all the information

about the sophisticated interplay between the immune cells and
the gut microbiota and how this could potentially lead to
MM development.

2 GUT MICROBIOTA - SIGNIFICANCE
DURING OUR LIFE

One of the most surprising data regarding the first steps in gut
colonization was that gut microbiota starts its development
already in utero. Previously, the fetus’s intestine was considered
germ-free, but that view was challenged with the results of a few
studies. The microorganisms were detected in the amniotic fluid
(20, 21), umbilical cord (22), placenta (23), and the most critical —
meconium, which is the first excretion that derives from all that
has been ingested or secreted before the delivery (24, 25). What is
particularly interesting, in the mice model, microorganisms
within the fetus’s gut resemble those which are colonizing the
mother’s intestine (24). Therefore, these microbes should efflux
the mother’s systemic circulation to reach the placenta.

Moreover, during the late pregnancy, the intestinal
translocation of bacteria to the vessels is enhanced, which
could play a role in the initial colonization of the fetus’s gut
(26). A study conducted by Gosalbes et al. showed that the gut
microbiota of infants during their first weeks of life includes the
microorganisms found in the meconium, which were still
detectable even seven months after birth (27). In addition,
Brosseau et al. recently presented the study results, which
shows that supplementation of prebiotics for pregnant women
leads to the transmission of specific microorganisms and
immune factors from mother to fetus allowing the
development of the tolerogenic immune system imprinting
that influences other health outcomes (28). However, these
data contradict the recently published work, which shows that
gut colonization starts after birth and bacteria found in
meconium were the effect of skin contamination (29).

Right after birth, the gut is being rapidly colonized, and
during that period, the mode of delivery plays a crucial role in
establishing gut microbiota composition. For example, infants
delivered vaginally possess the gut microbiota, mainly consisting
of lactobacilli living in high abundance in the vagina (30). On the
other hand, infants born through C-section are frequently
colonized by the microorganisms such as Clostridium species
and facultative anaerobes. Moreover, infants delivered by C-
section are colonized by the Bacteroides genus with delay (31),
and only 41% of their fecal microbiota is identical to the mother’s
gut microbiota composition (72% in vaginally delivered
infants) (32).

The gut microbiota composition during the first year of life
changes, while the diversity of microorganisms colonizing the
gut increases (33). Its composition resembles more and more of
that seen in adults, but it takes another two years to establish a
typical pattern of adult-like microbiota (34, 35). However, some
studies showed that the maturation of human gut microbiota
lasts for more than the first three years of life and can change its
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composition even till 12 years (36). The whole process of
intestinal colonization by newer and newer microorganisms is
remarkably similar to the dynamic development and growth of the
repertoire of immunocompetent cells. These are mechanisms that
go hand in hand, at the same time, and are strongly interdependent.

The impact of proper gut microbiota development is evident
regarding the risk of immune disorders. Lack of balanced gut
microbiota can result in various autoimmune and atopic diseases
(37, 38). It is not surprising given the fact that the largest area of
contact between microbes and immune cells is within the
intestine. Our immune system is constantly stimulated by the
enormous plethora of ligands presented by microorganisms
colonizing the gut, such as lipopolysaccharides (LPS), flagellin,
or unmethylated CpG motifs (39). These ligands shape the
further differentiation of naive T cells into T regulatory type
(Treg) or the Thl, Th2, and Th17 cells (40). Tregs can inhibit the
differentiation of naive T cells towards Th types (41), suppress
eosinophils, basophils, mast cells (42), and the production of
immunoglobulin (Ig) E (43). Conversely, different types of Th
cells can inhibit the other ones amplifying through that process
the immune response (44).

For a long time, the researchers were focused on the role of
balance between Thl and Th2 cells. Excessive activation of one
type of cell causes autoimmune and chronic inflammatory diseases
(Th1) or allergic diseases (Th2) (45, 46). The role of Th17 cells in
diseases classically associated with an imbalance of Th1/Th2
activation was also shown (47). Taking into consideration the
role of balance between Treg and Th cells and also the fact that
such balance is closely related to the composition of gut
microbiota, it leads to the conclusion that gut microbiota is the
initial factor in the pathogenesis of a wide variety of chronic
inflammatory, allergic and autoimmune disease (48, 49).

There is also one other proof of how vital well-balanced gut
microbiota is for maintaining the immune system in shape.
Experiments on germ-free mice, free of any microorganisms,
showed that gut microbiota is obligatory for Tregs differentiation
(50). Other experiments showed that different bacteria and their
products induce the activation of Tregs in mice (51). On the
other hand, segmented filamentous bacteria (SFB) facilitate the
differentiation of naive T cells towards proinflammatory Th17
cells in mice (52). Together, these experiments showed us the key
role of balanced gut microbiota in health and disease.

3 THE ROLE OF THE B-CELL CHRONIC
STIMULATION IN MULTIPLE
MYELOMA PATHOGENESIS

The process of immunoglobulins (Ig) production starts within
the germinal centers (GCs) of secondary lymphoid organs. This
is where naive B cells encounter T cells accountable for selecting
B cells eligible for future combat against pathogens or antigens
(53). Given that, one can easily conclude that the whole process
of Ig production starts there - in the secondary lymphoid organs,

especially in the gut-associated lymphoid tissue (GALT), and
that is where the defense of the whole organism begins.

In the GCs, B cells are selected based on the higher affinity of
B-cell receptors (BCR) towards the antigen. This is the initial step
in immunity organization that will last for long years (53).
During that process, the naive B cells undergo two
sophisticated DNA changes by which only B cells with the
highest affinity against the antigen are selected. One of these
processes is somatic hypermutation (SHM) with antigen
selection, and the second one - immunoglobulin heavy chain
(IgH) switch recombination. These two types of DNA
modifications are the source of mutations and breaks of
double-strand DNA, sometimes also in oncogenes (54). When
the oncogene is positioned near the site of the Ig enhancer, then
it results in dysregulation and potent proliferation of B cells.
These are the initial cells that will constitute multiple myeloma
(MM) (55). Many B cell neoplasms share the same feature, which
are the translocations that are mediated by errors during
recombination in V (variable), D (diversity), and ] (joining)
gene segments or the abovementioned two more subtle changes
in DNA sequence (56).

The association between chronic intracellular infection with
viruses [HCV, HSV, EBV (57)] or bacteria [Helicobacter pylori
(58)] and the increased risk of neoplasms development was
shown many years ago. It is now established that up to 20% of
malignancies are microbiota-dependent (59). The transformation
of a normal cell into malignant may occur indirectly via chronic
antigenic stimulation of the BCR or directly via B cell infection
and transformation (60). The main proof for the role of chronic
antigenic stimulation in the pathogenesis of MGUS and MM is
the specificity against some viruses of monoclonal Ig produced by
mutated clone (61-63). Moreover, in some cases, the antiviral
therapy against chronic HCV infection alone was sufficient to
reach the regression in the MM that had features compatible with
MGUS (64-66). On the other hand, patients with Gaucher’s
disease have an increased risk of transforming normal B cells into
myeloma cells (67). Some reports indicate that lyso-
glucosylceramide 1 (LGL1) and lyso-phosphatidylcholine
(LPC), which are accumulated in Gaucher’s disease, become
antigens that drive the selection of B cells and therefore
contribute to the pathogenesis of MM (68).

Although very intriguing, these reports require few words of
explanation. Only in the subset of MM patients, the abnormal
immune response to infection may play a role in the
pathogenesis of MM (69). However, the infectious agent was
not detected or remains unknown in the rest of them.

Considering the reports about the role of an abnormal immune
response against infectious agents in the pathogenesis of MGUS
and MM, it seems highly probable that the continuous and large-
scale interactions between B cells and the gut microbiota could
play a role in the pathogenesis of gammopathies. Therefore, it is
crucial to detect whether the monoclonal Ig is targeting specifically
against some bacteria that colonize the gastrointestinal tract and
whether temporal changes in the composition of the gut
microbiota could influence the initiation of gammopathies.
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4 THE INTERACTION BETWEEN GUT
MICROBIOTA AND OTHER CELLS

4.1 Epithelial Cells

Recent studies showed that gut epithelium plays a critical role in
regulating the host immune system and the luminal microbiota.
Intestinal epithelial cells (IECs) include Paneth cells, absorptive
epithelial cells, and goblet cells, and their two central roles are to
segregate and mediate between the microorganisms colonizing
the gut and the immune system. The former function of IECs is
possible because of the physical and chemical barriers which
prevent the intestinal inflammation that could start because of
conflict between these “two armies” of cells. The latter function
means that IECs can forward signals deriving from the gut
microbes and their metabolites and transform that signal for
the language “understandable” for the immune cells (70). One
example of such crosstalk where IECs play a crucial role was seen
in mice when segmented filamentous bacteria (SFB) colonized
the gastrointestinal tract of germ-free mice attached to the
surface of the IECs and induced the production of serum
amyloid A (SAA) (52). That, in turn, caused the facilitation of
the Th17 differentiation and IL-23 receptor-dependent IL-22
production by innate lymphoid cells 3 (ILC3) (71). On the other
hand, IL-17 and IL-22 from Th17 and ILC3 cells induce the
production of antimicrobial molecules such as antimicrobial
peptides (AMPs) and the regenerating islet-derived 3 (Reg3)
family of proteins by epithelial cells, which control the
composition of the gut microbiota (72).

What is particularly important from the point of view of this
review is to know that IECs drive the IgA class switching in B
cells, which are occupying the lamina propria, via the production
of a proliferation-inducing ligand (APRIL) through toll-like
receptor (TLR) signaling (73). The fraction of cells mainly
engaged in that process is the M cells, which specialize in the
uptake and delivery of antigens derived from the lumen to the
antigen-presenting cells (APC) such as dendritic cells (74).
Essential for that aim is glycoprotein A (GP2), a transcytotic
receptor of M cells responsible for transporting antigens from the
lumen to the other side of the wall (75).

Therefore, as was presented, the IECs are responsible for the
transition of signals (by TLRs and other receptors and M cells)
between the gut microbes and the immune cells that are staying
on the two sides of the wall and by secretion of chemokines,
cytokines, and hormones they maintain the balance between
“both armies.”

4.2 Immune Cells

Immune cells engaged in the crosstalk with the gut microbiota
are predominantly seen in the lamina propria. The most
common ones are T regulatory cells, NK cells, and invariant T
cells. Dendritic cells infiltrate very deeply into villi and closely
contact with the IECs (76) (Figure 1).

4.2.1 Dendritic Cells (DCs)
The immune cells at the site of the gut epithelium should
generate tolerance to the antigens found in the food, but

simultaneously they must be ready for immediate response to
the emergence of pathogens. DCs are APCs known to be the
central players in the immune system together with
macrophages. These cells can uptake the antigens from the gut
microbes with the mediation of epithelial cells or directly extend
their dendrites through the inner mucosal lining to connect with
the environment colonized by the microorganisms (77).
Through those mechanisms, the DCs eventually shape the
composition of the gut microbiota by sampling the microbes
and then giving the special orders to activate appropriate
response (78). The key role processes occur in the mesenteric
lymph nodes where the antigens derived from the lumen are
presented to the naive T cells by the DCs (79). These DCs are
characterized by the inability to leave the mesenteric lymph
nodes and reach the spleen, thus preventing the organism from
inducing a commensal-specific systemic response (80). The
specific type of DCs, occupying the lamina propria is
characterized by the expression of CD103 on its surface and
the production of TGF-3, which causes the differentiation of
naive T cells into CD4+CD25+Foxp3+ T cell of regulatory
phenotype (81). This is particularly peculiar given the fact that
usually DCs release the inflammatory cytokines and drive the
differentiation of Thl cells. Therefore, researchers hypothesize
that the local environment of IECs can stimulate this specific
phenotype of DCs. That local environment means, for instance,
the thymic stromal lymphopoietin (TSLP) released by the IECs,
which was shown in humans to induce the release of the APRIL
and BAFF by DCs and in turn supports the class switching of the
B cells to IgA (82) or the switching of IgAl to the IgA2
production which are characterized with protease-resistant
phenotype (73). Nevertheless, as will be mentioned further, the
epithelial cells are not the only ones to modulate the function of
DCs because the other immune cells, like macrophages, can also
regulate the function of that population.

4.2.2 Macrophages
Macrophages share some similarities with CD103+ DCs. One of
them is the ability to induce the differentiation of the Treg cells
(83). However, contrary to the DCs, macrophages” migration to
the mesenteric lymph nodes has not been shown yet, so they
probably do not induce oral tolerance (79). One of the existing
hypotheses is that macrophages associated with the gut
epithelium support the maintenance of Treg cells. Additionally,
macrophages can tune the proinflammatory function of DCs by
inhibiting their ability to drive Th17 differentiation (83).
Unlike the macrophages residing other than gut tissue, the
subtype of macrophages associated with the gut does not possess
the CD14 on their surface, responsible for the LPS-induced cell
activation and proinflammatory cytokines production (84).
Furthermore, these cells produce anti-inflammatory cytokines
such as IL-10 and help the DCs maintain the population of Treg
to prevent the mucosal auto-inflammation (83). However,
although human gut macrophages are known for anti-
inflammatory functions, they do not lose their ability to
phagocyte and perform defense functions (84). There is also
known that within the gut, the population of CD14+
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FIGURE 1 | The intestinal immune system. Bacteria currently colonizing the gut are sensed by DCs presenting their antigens in mesenteric lymph nodes or Peyer’s
patches. In lymph nodes, DCs are accountable for further differentiation of T cells into Treg, Th17, Th1, and Th2 cells producing pro or antiinflammatory “profile” of

cytokines. From the “myeloma point of view” particularly important is the balance between Treg/Th17 cells. The latter is accountable for pro-inflammatory cytokines
such as IL-17 production, which are known to facilitate the development of multiple myeloma. Created with BioRender.com.

macrophages reside and can produce proinflammatory cytokines Neutrophils are known to promote or inhibit the growth of
such as IL-23 and TNF-0,, leading to the further accumulation of ~ the tumor (87). Moreover, they can switch from promoting to
similar cells (85). the inhibiting mode and stop the tumor’s progression (88). On

the other hand, the interactions between neutrophils and the gut
4.2.3 Neutrophils microbiota were shown to impact the tumor’s growth rate. An

Flagellin is the protein of gram-negative bacteria such as Proteus ~ example of that is a mouse model of serrated polyps, a
or Escherichia that stimulates the TLR5/MyD88 signaling in  premalignant lesion of the colon. Throughout the intestine, the
IECs. This pathway promotes the production of IL-8 by IECs,  endothelial growth factor receptor ligand is produced, but only
which causes the recruitment of neutrophils to the lamina  the cecum is the site where that molecule promotes the
propria (86). development of polyps. That is because the growth of polyps
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requires the specific gut microbiota composition in the cecal
mucosa. Furthermore, it was shown that administration of
antibiotics or depletion of neutrophils resulted in inhibition of
serrated polyps’ development, suggesting the crucial role
of bacteria and neutrophils in that process (89).

4.24 T Cells

We limit the interplay between T cells and the gut microbiota to
the role of the Th17/Treg cells balance because of their great
importance in switching the mode of the immune system from
pro to anti-inflammatory and vice versa. Such imbalance was
reported to play a role in chronic inflammations (90), allergic
diseases (91), cancers, and autoimmune diseases (92, 93). Germ-
free mice were shown to have decreased number of both
populations of cells (94), but it has also been shown that
specific metabolites such as ATP and short-chain fatty acids
(SCFA) can induce differentiation of Th17 and Treg cells,
respectively (95, 96). SCFA are the bacterial products produced
from the dietary fiber by the anaerobic gut microbiota (97).

4.2.5 B Cells and Plasmacytes

The gut microbiota is known for its impact on the development,
differentiation, activation, and function of the B cells. Regarding
the development of human innate-like B cells and marginal zone
B cells, the gut-associated lymphoid tissue (GALT) may be the
site of a growing repertoire of B cells (98). Interestingly, a subset
of human immature B cells, known as transitional 2 (T2) B cells
from the bone marrow, tend to reside in the intestine for their
activation. The maturation process relies on eliminating self-
reactive B cells from the developing repertoire. Failure in that
process is seen in the systemic lupus erythematosus (SLE), which
suggests that this site constitutes a checkpoint against
autoimmunity (99).

The intestinal microbiota may influence the B cells through
the direct and indirect modes. The former depends on B cells’
direct activation via BCR recognition of the carbohydrates and
proteins produced by the gut microbes, which act as antigens
(100). That is T-dependent B-cell activation, but B cells can be
activated T cell-independently. That is because they have TLRs
on their surface, which are extremely important for their survival
and function (101). For example, Oh et al. showed that mice
lacking the TLR5 could not develop immunity against seasonal
influenza vaccination because of the inability to sense the gut
microbiota (102). Similarly, the metabolites of the bacteria can
also activate the B cells. For instance, SCFAs may affect B-cell
metabolism and facilitate the differentiation of B-cell, hence
promoting immunoglobulin promotion (103).

Although some papers showed in recent years that a
repertoire of B cells could develop within GALT with the help
of the gut microbiota, there are still many gaps in that field.
However, that potentially shed light on the possibility that the
composition of the gut microbiota could shape the repertoire of
B cells and that dysbiosis could be potentially accountable for the
chronic antigenic stimulation of B cells and subsequent genesis
of MGUS and MM (Figure 2).

5 POSSIBLE MECHANISTIC PATHWAY
OF MYELOMA CELL INITIATION IN THE
CONTEXT OF MICROBIOTA

It is well known that the IgA is produced in the intestine by B
cells, but little is known about the production of other subtypes
of immunoglobulins. However, there is already evidence that the
gut microbiota may induce the TLR4-dependent production of
IgG and that these antibodies are efficient in fighting against
systemic infection (104). Furthermore, some other studies show
that the SCFAs regulate the production of immunoglobulins in
different ways. For example, it was shown that after the
administration of cholera toxin, the SCFAs facilitate the
production of BAFF and retinoic acid (RA) by DCs to
upregulate the synthesis of IgG and IgA (105). Given that, it is
reasonable to think that SCFA may play an active role in
regulating the production of immunoglobulins.

Considering what was said before that the gut microbiota
could potentially drive the repertoire of BCR, it seems probable
that dysbiosis could affect that process. MGUS starts when the
monoclonal globulin starts to be detectable and when there are
less than 10% of clonal plasma cells within the bone marrow.
Nevertheless, the first mutated cell is probably created a long
time before the diagnosis of MGUS or MM. Therefore, we
speculate that this first step towards entirely symptomatic MM
could start within the gastrointestinal wall. Given that microbes,
their antigens, and metabolites are recognized by B cells, activate
them, and provoke proliferation, it seems reasonable to think
that lack of balanced gut microbiota with overgrowth of sparse
species of bacteria and then chronic antigen stimulation could
lead to fully symptomatic MM. Thus, a mechanistic vision of gut
microbiota-dependent myeloma formation could be like we
deliberate below.

Because of acquired or resulting from genetic predispositions
dysbiosis, there is an overgrowth of selected microorganisms in
the gut. Sometimes, even subtler changes such as overgrowth of
one bacteria species or even the presence of one antigen that is
constantly produced within the gut by microbes could constantly
stimulate the immune system of the GALT. Then DCs occupying
this area are continuously activated with the help of IECs in that
process. DCs, after first contact with antigen, are migrating to
mesenteric lymph nodes, which is the place of the “crime,” where
B cells are stimulated by a minimal number of antigens presented
by DCs. That stimulation leads to numerous rounds of
proliferation done by B cells, during which they are
accumulating mutations during the processes of SHM and
class switching. Eventually, the first mutated cell emerges, but
that does not necessarily mean that progression of MM is
initiated here. Changed plasma cells after rounds of
proliferation reach the bone marrow, where they will produce
immunoglobulins. As said before, the additional events must
occur within the bone marrow to facilitate the progression from
MGUS, through SMM, to fully symptomatic MM, and eventually
to PCL. That progression is supported by the proinflammatory
cytokines, which are stimulating osteoclasts to destroy the bones
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to “make space” for quicker and quicker proliferating myeloma
cells (106). We postulate that this is another process in which the
gut microbiota could play the role since papers show that the lack
of balanced gut microbiota results in a more proinflammatory
state of the immune system, and for instance, differentiation of T
cells within the gut is skewed towards Th17 cells. Moreover, the
work of Jian et al. showed that “crosstalk on distance” of
myeloma cells and the gut microbes is possible and that these
two groups of cells cooperate and support the growth
mutually (107).

Considering that, it is worth asking whether there are any
changes in the gut microbiota between different stages of the
disease from MGUS to PCL? An initial, small study done by
Pepeljugoski et al. proves that such changes occur (108) and that

progression in the disease is associated with developing
dysbiosis. Additionally, it would be very interesting to check if
dysbiosis or even subtle changes in the gut microbiota
composition could be a risk factor for MGUS. Perhaps, at least
some of the cases of MGUS/MM are producing a monoclonal
protein targeting antigens deriving from the gut. That hypothesis
will be discussed further, but to show that dysbiosis is a critical
player in the progression of the disease, a correlation study that
will link the gut microbiota composition with the immune-
related gene expression profile is needed. Our group has
initiated a study on newly diagnosed MGUS, SMM, and MM
patients recently, in which we are going to search whether there
is such correlation and how it is changing with time and
applied treatment.

Tecell

CD40L/CD40

TCR/MHC
Il complex

FIGURE 2 | How the hypothetical pathway from dysbiosis to multiple myeloma looks? The sequence of events is as follows (A) lack of balanced gut microbiota
which means overgrowth of selected species of bacteria (B) these bacteria are accountable for constant, oligo- or even monoclonal stimulation of DCs (with help of
|IECs) which migrate to mesenteric lymph nodes and/or Peyer’s patches (C) there, B cells, T cells and mentioned DCs meet each other (D) DCs are presenting this
oligo-, monoclonal antigens to T cells (E) which then are responsible for selection of B cells that are going to have required features to combat the antigen

(F) because of continuous stimulation in the gut the process of B cell selection is intense and these cells undergo numerous rounds of proliferation which are
preceded by SHM and class switching, associated with DNA changes (G) one initial B cell with driver mutation emerges, transforms to plasma cell that produces
oligo-, monoclonal antibodies against the antigen, and proliferates (H) then plasma cells migrate to bone marrow which is the site of constant immunoglobulins
production (I) when mutated plasma cells acquire additional mutations and are surrounded by favorable milieu then initial state of MGUS changes into SMM, MM
and eventually to PCL. Created with BioRender.com.
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6 THE EFFECTS OF GUT MICROBIOTA
COMPOSITION ON TREATMENT
RESULTS IN MM

Lack of balanced gut microbiota can lead to the lack of “training”
given to the immune system by microbes. That, in turn, can lead
to the inhibition of the active immune system that can combat
new cancer cells created every day. Therefore, along with
changing the paradigm to an immune-dependent approach,
the gut microbiota role in the effectiveness of immunotherapy
or cellular therapy should be revised. For instance, it is probable
that by restoring the balanced gut microbiota, the results of
mentioned therapies could be enhanced. Such a prove we can
learn from immune checkpoint inhibitors and cancer treatment
(109). However, this could also lead to more pronounced adverse
events (110).

Cyclophosphamide was shown with very low efficacy when
mice were injected with tumor cells and then treated with
antibiotics to achieve a germ-free microenvironment. Thus, a
lack of balanced gut microbiota causes low sensitivity of tumor
cells for cyclophosphamide (111).

Autologous stem cell transplantation (ASCT) is currently a
standard of care for patients in good condition. Until the
engraftment, the patients are in critical pancytopenia and
prone to opportunistic infections and therefore very usually
treated with antimicrobials. However, before that, patients
receive conditioning therapy that influences the composition of
the gut microbiota and has a gross impact on intestinal
epithelium. That altogether leads to the dysbiosis and
monodominance of microbes such as Enterobacteriaceae (112).
Researchers have also shown that butyrate, one of the SCFAs
produced by the Eubacterium halii and Faecalibacterium
prausnitzii, is associated with minimal residual disease
negativity after the induction therapy for MM (113).

Regarding the proteasome inhibitors (PIs), which are
commonly used to treat MM, it is worth noting that their
adverse event is diarrhea. Unfortunately, the pathophysiology
of gastrointestinal toxicity of PIs is poorly understood. However,
as it is known that the SCFAs and PIs regulate the NF-kB
pathway, the gut microbiota probably influences the risk of
adverse events after PIs (114).

7 NOVEL APPROACHES IN METHODS
EXPLORING THE ROLE OF GUT
MICROBIOTA IN MGUS AND MM
DEVELOPMENT

Calcinotto et al. published a study on mice where they showed
that one specific species of the microorganisms colonizing the
gut, namely Prevotella heparinolytica induced differentiation of
Th17 cells. They then migrated to the bone marrow of Vk*MYC
mice (which are the transgenic mice that develop disease
mimicking MM) and favored the progression of MM. That
agrees with the notion that SMM patients with a higher level

of IL-17 in the bone marrow have faster progression of the
disease (115).

Moreover, the relationships between myeloma cells and the
gut microbes should be elucidated by identifying the gut
microbiota composition that predicts a higher probability of
MGUS development. It would be essential to know the specificity
of the monoclonal protein produced by the mutated clone and
correlate the results with the gut microbiota. A hypothesis is that
pathogenic species colonizing (even temporally) the gut or state
of dysbiosis when particular species of bacteria overgrowth could
be responsible for the chronic antigenic stimulation and
development of at least part of MGUS and MM cases.

Additionally, it would be interesting to see whether the gut
microbiota composition influences the cytokines produced by
the leukocytes in the blood. For example, maybe the state of
dysbiosis provokes the production of proinflammatory cytokines
by leukocytes and, therefore, indirectly promotes the progression
of MM or MGUS.

8 NEW POTENTIAL TARGETS OF
TREATMENTS IN MULTIPLE MYELOMA

As it was said in the previous paragraph, it is worth checking
whether the treatments targeting IL-17 or IL-17R could work by
lowering the risk of progression of the MGUS/SMM/MM. Such
drugs are already registered by the FDA (anti-IL-17A
antibodies), making it even easier to conduct such a study (116).

Preclinical studies suggest that some species of bacteria
colonizing the gut promote the progression of MGUS or MM.
Papers are mounting about the role of the gut microbiota in
the pathogenesis of many diseases, and great hope is seen in the
procedure of fecal microbiota transplantation to restore the
balanced gut microbiota. Maybe such a procedure or
probiotics/prebiotics could lower the risk of progression of
MGUS to more advanced stages of the disease. Currently, the
patients with MGUS or SMM are oftered with watchful waiting
strategy since the risk of progression, especially in the case of
MGUS, is particularly low. Perhaps in the future, the gut
microbiota composition of these patients is going to be known
in detail. The patients with an exceptionally high risk of
progression could be treated with prebiotics/probiotics or even
with fecal microbiota transplantation (FMT) to diminish the risk
of progression completely.

Jian et al. showed recently that the bacterial diversity of the
gut microbiota of newly diagnosed MM patients is significantly
increased with enrichment of nitrogen-recycling bacteria such as
Klebsiella and Streptococcus. The researchers assume this is
because of the progression of MM associated with the excessive
accumulation of urea. Then the urea reaches the intestinal wall
and selects nitrogen-recycling bacteria for overgrowth. In turn,
microbes can produce L-glutamine, which is then delivered to
the host and promotes the proliferation of myeloma cells since
they cannot produce it on their own. Thus, the authors propose
that the gut microbiota alterations, namely reduction of
Klebsiella and Streptococcus populations, which are also present
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in the normal microflora, could lower the risk of progression of
MM (107). Furthermore, MM patients are also prone to
infections, for instance, pneumonia with a common etiology of
Klebsiella or Streptococcus (117). Therefore, the reduction
of these populations could additionally mitigate the risk of
infections during the disease. Additionally, it was also found
that SCFA-producing bacteria were depleted in MM, and the
addition of such bacteria in mice resulted in the mitigation of
tumor progression (107).

9 CONCLUSIONS

To sum up, it seems highly probable that there is a role of the gut
microbiota in the pathogenesis and treatment of MM. With ever-
growing numbers of papers published in that field, the hope for an
entirely new type of prophylaxis of progression of MGUS or
treatment of MM is growing in parallel. Our previous work shows
the remarkable efficacy of FMT in preventing colonization of a
single, in that case, antibiotic-resistant bacteria (118). Also, in the
model of graft-versus-host disease, we have shown that it is
possible to stop the inflammatory process in the gut by FMT,

REFERENCES

1. Landgren O, Kyle RA, Pfeiffer RM, Katzmann JA, Caporaso NE, Hayes RB,
et al. Monoclonal Gammopathy of Undetermined Significance (MGUS)
Consistently Precedes Multiple Myeloma: A Prospective Study. Blood (2009)
113(22):5412-7. doi: 10.1182/blood-2008-12-194241

. Weiss BM, Abadie ], Verma P, Howard RS, Kuehl WM. A Monoclonal
Gammopathy Precedes Multiple Myeloma in Most Patients. Blood (2009)
113(22):5418-22. doi: 10.1182/blood-2008-12-195008

. Kyle RA, Therneau TM, Rajkumar SV, Larson DR, Plevak MF, Offord JR,
et al. Prevalence of Monoclonal Gammopathy of Undetermined Significance.
N Engl ] Med (2006) 354(13):1362-9. doi: 10.1056/NEJMoa054494

4. Kristinsson SY, Landgren O, Dickman PW, Derolf AR, Bjorkholm M.
Patterns of Survival in Multiple Myeloma: A Population-Based Study of
Patients Diagnosed in Sweden From 1973 to 2003. J Clin Oncol (2007) 25
(15):1993-9. doi: 10.1200/J7CO.2006.09.0100

. Cowan A]J, Allen C, Barac A, Basaleem H, Bensenor I, Curado MP, et al.
Global Burden of Multiple Myeloma: A Systematic Analysis for the Global
Burden of Disease Study 2016. JAMA Oncol (2018) 4(9):1221-7. doi:
10.1001/jamaoncol.2018.2128

. ZhouL, Yu Q, Wei G, Wang L, Huang Y, Hu K, et al. Measuring the Global,
Regional, and National Burden of Multiple Myeloma From 1990 to 2019.
BMC Cancer (2021) 21(1):606. doi: 10.1186/s12885-021-08280-y

. Kazandjian D. Multiple Myeloma Epidemiology and Survival: A Unique
Malignancy. Semin Oncol (2016) 43(6):676-81. doi: 10.1053/
j.seminoncol.2016.11.004

. Jasinski M, Basak GW, Jedrzejczak WW. Perspectives for the Use of CAR-T
Cells for the Treatment of Multiple Myeloma. Front Immunol (2021)
12:632937. doi: 10.3389/fimmu.2021.632937

. Teras LR, DeSantis CE, Cerhan JR, Morton LM, Jemal A, Flowers CR, et al.
2016 US Lymphoid Malignancy Statistics by World Health Organization
Subtypes. CA Cancer ] Clin (2016) 66(6):443-59. doi: 10.3322/caac.21357

10. Hideshima T, Mitsiades C, Tonon G, Richardson PG, Anderson KC.

Understanding Multiple Myeloma Pathogenesis in the Bone Marrow to
Identify New Therapeutic Targets. Nat Rev Cancer (2007) 7(8):585-98. doi:
10.1038/nrc2189

11. Rajkumar SV, Dimopoulos MA, Palumbo A, Blade J, Merlini G, Mateos MV,

et al. International Myeloma Working Group Updated Criteria for the
Diagnosis of Multiple Myeloma. Lancet Oncol (2014) 15(12):e538-48.

[S5]

w

w

N

N

el

o

shedding new light on the immunomodulatory effect of the gut
microbiota (119, 120). Given that single species of bacteria,
Klebsiella and Streptococcus were shown to play a role in the
progression of MM, it seems that further studies on gut
microbiota in the treatment of MM are warranted. Additionally,
these bacteria are often responsible for infections in that
population of patients. Therefore, the possible efficacy of FMT
in the elimination of these “microbial partners in crime” would
be multidirectional.

AUTHOR CONTRIBUTIONS

MJ and JB wrote the paper, GWB reviewed the paper. All authors
contributed to the article and approved the submitted version.

ACKNOWLEDGMENTS

All authors were involved in writing, editing, and approving the
final manuscript.

12. Walker BA, Wardell CP, Johnson DC, Kaiser MF, Begum DB, Dahir NB,
et al. Characterization of IGH Locus Breakpoints in Multiple Myeloma
Indicates a Subset of Translocations Appear to Occur in Pregerminal Center
B Cells. Blood (2013) 121(17):3413-9. doi: 10.1182/blood-2012-12-471888

13. Bergsagel PL, Kuehl WM, Zhan F, Sawyer ], Barlogie B, Shaughnessy J Jr,
et al. Cyclin D Dysregulation: An Early and Unifying Pathogenic Event in
Multiple Myeloma. Blood (2005) 106(1):296-303. doi: 10.1182/blood-2005-
01-0034

14. Turesson I, Kovalchik SA, Pfeiffer RM, Kristinsson SY, Goldin LR, Drayson
MT, et al. Monoclonal Gammopathy of Undetermined Significance and Risk
of Lymphoid and Myeloid Malignancies: 728 Cases Followed Up to 30 Years
in Sweden. Blood (2014) 123(3):338-45. doi: 10.1182/blood-2013-05-505487

15. Chapman MA, Lawrence MS, Keats J], Cibulskis K, Sougnez C, Schinzel AC,
et al. Initial Genome Sequencing and Analysis of Multiple Myeloma. Nature
(2011) 471(7339):467-72. doi: 10.1038/nature09837

16. Lohr JG, Stojanov P, Carter SL, Cruz-Gordillo P, Lawrence MS, Auclair D,
et al. Widespread Genetic Heterogeneity in Multiple Myeloma: Implications
for Targeted Therapy. Cancer Cell (2014) 25(1):91-101.

17. Xiao R, Cerny J, Devitt K, Dresser K, Nath R, Ramanathan M, et al. MYC
Protein Expression is Detected in Plasma Cell Myeloma But Not in
Monoclonal Gammopathy of Undetermined Significance (MGUS). Am |
Surg Pathol (2014) 38(6):776-83. doi: 10.1097/PAS.0000000000000213

18. Demchenko YN, Glebov OK, Zingone A, Keats JJ, Bergsagel PL, Kuehl WM,
et al. Classical and/or Alternative NF-kappaB Pathway Activation in
Multiple Myeloma. Blood (2010) 115(17):3541-52. doi: 10.1182/blood-
2009-09-243535

19. Jasinski M, Bilinski J, Basak GW. The Role of the Gut Microbiome in
Pathogenesis, Biology, and Treatment of Plasma Cell Dyscrasias. Front
Oncol (2021) 11:741376. doi: 10.3389/fonc.2021.741376

20. Lewis JF, Johnson P, Miller P. Evaluation of Amniotic Fluid for Aerobic and
Anaerobic Bacteria. Am J Clin Pathol (1976) 65(1):58-63. doi: 10.1093/ajcp/
65.1.58

21. Gibbs RS, Blanco JD, St Clair PJ, Castaneda YS. Quantitative Bacteriology of
Amniotic Fluid From Women With Clinical Intraamniotic Infection at
Term. J Infect Dis (1982) 145(1):1-8. doi: 10.1093/infdis/145.1.1

22. Jimenez E, Fernandez L, Marin ML, Martin R, Odriozola JM, Nueno-Palop
C, et al. Isolation of Commensal Bacteria From Umbilical Cord Blood of
Healthy Neonates Born by Cesarean Section. Curr Microbiol (2005) 51
(4):270-4. doi: 10.1007/s00284-005-0020-3

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 853540


https://doi.org/10.1182/blood-2008-12-194241
https://doi.org/10.1182/blood-2008-12-195008
https://doi.org/10.1056/NEJMoa054494
https://doi.org/10.1200/JCO.2006.09.0100
https://doi.org/10.1001/jamaoncol.2018.2128
https://doi.org/10.1186/s12885-021-08280-y
https://doi.org/10.1053/j.seminoncol.2016.11.004
https://doi.org/10.1053/j.seminoncol.2016.11.004
https://doi.org/10.3389/fimmu.2021.632937
https://doi.org/10.3322/caac.21357
https://doi.org/10.1038/nrc2189
https://doi.org/10.1182/blood-2012-12-471888
https://doi.org/10.1182/blood-2005-01-0034
https://doi.org/10.1182/blood-2005-01-0034
https://doi.org/10.1182/blood-2013-05-505487
https://doi.org/10.1038/nature09837
https://doi.org/10.1097/PAS.0000000000000213
https://doi.org/10.1182/blood-2009-09-243535
https://doi.org/10.1182/blood-2009-09-243535
https://doi.org/10.3389/fonc.2021.741376
https://doi.org/10.1093/ajcp/65.1.58
https://doi.org/10.1093/ajcp/65.1.58
https://doi.org/10.1093/infdis/145.1.1
https://doi.org/10.1007/s00284-005-0020-3
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Jasinski et al.

Gut Microbiota in Multiple Myeloma

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Roos PJ, Malan AF, Woods DL, Botha P, Hyland J, Heese Hde V, et al. The
Bacteriological Environment of Preterm Infants. S Afr Med ] (1980) 57
(10):347-50.

Jimenez E, Marin ML, Martin R, Odriozola JM, Olivares M, Xaus J, et al. Is
Meconium From Healthy Newborns Actually Sterile? Res Microbiol (2008)
159(3):187-93. doi: 10.1016/j.resmic.2007.12.007

Moles L, Gomez M, Heilig H, Bustos G, Fuentes S, de Vos W, et al. Bacterial
Diversity in Meconium of Preterm Neonates and Evolution of Their Fecal
Microbiota During the First Month of Life. PloS One (2013) 8(6):¢66986. doi:
10.1371/journal.pone.0066986

Perez PF, Dore ], Leclerc M, Levenez F, Benyacoub J, Serrant P, et al. Bacterial
Imprinting of the Neonatal Immune System: Lessons From Maternal Cells?
Pediatrics (2007) 119(3):724-32. doi: 10.1542/peds.2006-1649

Gosalbes MJ, Llop S, Valles Y, Moya A, Ballester F, Francino MP, et al.
Meconium Microbiota Types Dominated by Lactic Acid or Enteric Bacteria
are Differentially Associated With Maternal Eczema and Respiratory
Problems in Infants. Clin Exp Allergy (2013) 43(2):198-211. doi: 10.1111/
cea.12063

Brosseau C, Selle A, Duval A, Misme-Aucouturier B, Chesneau M, Brouard
S, et al. Prebiotic Supplementation During Pregnancy Modifies the Gut
Microbiota and Increases Metabolites in Amniotic Fluid, Driving a
Tolerogenic Environment In Utero. Front Immunol (2021) 12:712614. doi:
10.3389/fimmu.2021.712614

Kennedy KM, Gerlach MJ, Adam T, Heimesaat MM, Rossi L, Surette MG,
et al. Fetal Meconium Does Not Have a Detectable Microbiota Before Birth.
Nat Microbiol (2021) 6(7):865-73. doi: 10.1038/s41564-021-00904-0
Avershina E, Storro O, Oien T, Johnsen R, Pope P, Rudi K, et al. Major
Faecal Microbiota Shifts in Composition and Diversity With Age in a
Geographically Restricted Cohort of Mothers and Their Children. FEMS
Microbiol Ecol (2014) 87(1):280-90. doi: 10.1111/1574-6941.12223
Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K, Quince C,
Jernberg C, et al. Decreased Gut Microbiota Diversity, Delayed
Bacteroidetes Colonisation and Reduced Thl Responses in Infants
Delivered by Caesarean Section. Gut (2014) 63(4):559-66. doi: 10.1136/
gutjnl-2012-303249

Backhed F, Roswall ], Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, et al.
Dynamics and Stabilization of the Human Gut Microbiome During the First
Year of Life. Cell Host Microbe (2015) 17(6):852. doi: 10.1016/
j.chom.2015.05.012

Valles Y, Artacho A, Pascual-Garcia A, Ferrus ML, Gosalbes M]J, Abellan JJ,
et al. Microbial Succession in the Gut: Directional Trends of Taxonomic and
Functional Change in a Birth Cohort of Spanish Infants. PloS Genet (2014)
10(6):€1004406. doi: 10.1371/journal.pgen.1004406

Vaishampayan PA, Kuehl JV, Froula JL, Morgan JL, Ochman H, Francino
MP, et al. Comparative Metagenomics and Population Dynamics of the Gut
Microbiota in Mother and Infant. Genome Biol Evol (2010) 2:53-66. doi:
10.1093/gbe/evp057

Yatsunenko T, Rey FE, Manary M]J, Trehan I, Dominguez-Bello MG,
Contreras M, et al. Human Gut Microbiome Viewed Across Age and
Geography. Nature (2012) 486(7402):222-7. doi: 10.1038/nature11053
Hollister EB, Riehle K, Luna RA, Weidler EM, Rubio-Gonzales M, Mistretta
TA, et al. Structure and Function of the Healthy Pre-Adolescent Pediatric
Gut Microbiome. Microbiome (2015) 3:36. doi: 10.1186/s40168-015-0101-x
Noverr MC, Huffnagle GB. The ‘Microflora Hypothesis’ of Allergic Diseases.
Clin Exp Allergy (2005) 35(12):1511-20. doi: 10.1111/j.1365-2222.2005.02379.x
Bjorksten B. Environment and Infant Immunity. Proc Nutr Soc (1999) 58
(3):729-32. doi: 10.1017/80029665199000956

Platt AM, Mowat AM. Mucosal Macrophages and the Regulation of
Immune Responses in the Intestine. Immunol Lett (2008) 119(1-2):22-31.
doi: 10.1016/j.imlet.2008.05.009

Romagnani S. Regulation of the T Cell Response. Clin Exp Allergy (2006) 36
(11):1357-66. doi: 10.1111/§.1365-2222.2006.02606.x

Groux H, O'Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, etal. A
CD4+ T-Cell Subset Inhibits Antigen-Specific T-Cell Responses and
Prevents Colitis. Nature (1997) 389(6652):737-42. doi: 10.1038/39614
Akdis M. Healthy Immune Response to Allergens: T Regulatory Cells and
More. Curr Opin Immunol (2006) 18(6):738-44. doi: 10.1016/
j.€01.2006.06.003

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Meiler F, Klunker S, Zimmermann M, Akdis CA, Akdis M. Distinct
Regulation of IgE, IgG4 and IgA by T Regulatory Cells and Toll-Like
Receptors. Allergy (2008) 63(11):1455-63. doi: 10.1111/j.1398-
9995.2008.01774.x

Parronchi P, De Carli M, Manetti R, Simonelli C, Sampognaro S, Piccinni
MP, et al. IL-4 and IFN (Alpha and Gamma) Exert Opposite Regulatory
Effects on the Development of Cytolytic Potential by Thl or Th2 Human T
Cell Clones. ] Immunol (1992) 149(9):2977-83.

Oboki K, Ohno T, Saito H, Nakae S. Th17 and Allergy. Allergol Int (2008) 57
(2):121-34. doi: 10.2332/allergolint.R-07-160

Abbas AK. Die and Let Live: Eliminating Dangerous Lymphocytes. Cell
(1996) 84(5):655-7. doi: 10.1016/S0092-8674(00)81042-9

Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I, et al.
Antigen-Specific T Cell Sensitization is Impaired in IL-17-Deficient Mice,
Causing Suppression of Allergic Cellular and Humoral Responses. Immunity
(2002) 17(3):375-87. doi: 10.1016/S1074-7613(02)00391-6

Rook GA, Brunet LR. Microbes, Immunoregulation, and the Gut. Gut (2005)
54(3):317-20. doi: 10.1136/gut.2004.053785

Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, Parasites, and the
Hygiene Hypothesis. Science (2002) 296(5567):490-4. doi: 10.1126/
science.296.5567.490

Strauch UG, Obermeier F, Grunwald N, Gurster S, Dunger N, Schultz M,
et al. Influence of Intestinal Bacteria on Induction of Regulatory T Cells:
Lessons From a Transfer Model of Colitis. Gut (2005) 54(11):1546-52. doi:
10.1136/gut.2004.059451

Baba N, Samson S, Bourdet-Sicard R, Rubio M, Sarfati M. Commensal
Bacteria Trigger a Full Dendritic Cell Maturation Program That Promotes
the Expansion of Non-Trl Suppressor T Cells. ] Leukoc Biol (2008) 84
(2):468-76. doi: 10.1189/j1b.0108017

Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al.
Induction of Intestinal Th17 Cells by Segmented Filamentous Bacteria. Cell
(2009) 139(3):485-98. doi: 10.1016/j.cell.2009.09.033

Victora GD, Nussenzweig MC. Germinal Centers. Annu Rev Immunol
(2012) 30:429-57. doi: 10.1146/annurev-immunol-020711-075032
Pasqualucci L, Neumeister P, Goossens T, Nanjangud G, Chaganti RS,
Kuppers R, et al. Hypermutation of Multiple Proto-Oncogenes in B-Cell
Diffuse Large-Cell Lymphomas. Nature (2001) 412(6844):341-6. doi:
10.1038/35085588

Avet-Loiseau H, Facon T, Grosbois B, Magrangeas F, Rapp MJ, Harousseau
JL, et al. Oncogenesis of Multiple Myeloma: 14q32 and 13q Chromosomal
Abnormalities are Not Randomly Distributed, But Correlate With Natural
History, Immunological Features, and Clinical Presentation. Blood (2002) 99
(6):2185-91. doi: 10.1182/blood.V99.6.2185

Fonseca R, Blood E, Rue M, Harrington D, Oken MM, Kyle RA, et al.
Clinical and Biologic Implications of Recurrent Genomic Aberrations in
Myeloma. Blood (2003) 101(11):4569-75. doi: 10.1182/blood-2002-10-3017
Babel N, Schwarzmann F, Pruss A, Volk HD, Reinke P, et al. Monoclonal
Gammopathy of Undetermined Significance (MGUS) is Associated With an
Increased Frequency of Epstein-Barr Virus (EBV) Latently Infected B
Lymphocytes in Long-Term Renal Transplant Patients. Transplant Proc
(2004) 36(9):2679-82. doi: 10.1016/j.transproceed.2004.09.046

Rajkumar SV, Kyle RA, Plevak MF, Murray JA, Therneau TM. Helicobacter
Pylori Infection and Monoclonal Gammopathy of Undetermined
Significance. Br J Haematol (2002) 119(3):706-8. doi: 10.1046/j.1365-
2141.2002.03912.x

de Martel C, Ferlay J, Franceschi S, Vignat ], Bray F, Forman D, et al. Global
Burden of Cancers Attributable to Infections in 2008: A Review and
Synthetic Analysis. Lancet Oncol (2012) 13(6):607-15. doi: 10.1016/S1470-
2045(12)70137-7

Bosseboeuf A, Feron D, Tallet A, Rossi C, Charlier C, Garderet L, et al.
Monoclonal IgG in MGUS and Multiple Myeloma Targets Infectious
Pathogens. JCI Insight (2017) 2(19):6-11. doi: 10.1172/jci.insight.95367
Hermouet S, Corre I, Gassin M, Bigot-Corbel E, Sutton CA, Casey JW, et al.
Hepatitis C Virus, Human Herpesvirus 8, and the Development of Plasma-
Cell Leukemia. N Engl ] Med (2003) 348(2):178-9. doi: 10.1056/
NEJM200301093480219

Harb J, Mennesson N, Lepetit C, Fourny M, Louvois M, Bosseboeuf A, et al.
Comparison of Monoclonal Gammopathies Linked to Poliovirus or

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 853540


https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.1371/journal.pone.0066986
https://doi.org/10.1542/peds.2006-1649
https://doi.org/10.1111/cea.12063
https://doi.org/10.1111/cea.12063
https://doi.org/10.3389/fimmu.2021.712614
https://doi.org/10.1038/s41564-021-00904-0
https://doi.org/10.1111/1574-6941.12223
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1016/j.chom.2015.05.012
https://doi.org/10.1016/j.chom.2015.05.012
https://doi.org/10.1371/journal.pgen.1004406
https://doi.org/10.1093/gbe/evp057
https://doi.org/10.1038/nature11053
https://doi.org/10.1186/s40168-015-0101-x
https://doi.org/10.1111/j.1365-2222.2005.02379.x
https://doi.org/10.1017/S0029665199000956
https://doi.org/10.1016/j.imlet.2008.05.009
https://doi.org/10.1111/j.1365-2222.2006.02606.x
https://doi.org/10.1038/39614
https://doi.org/10.1016/j.coi.2006.06.003
https://doi.org/10.1016/j.coi.2006.06.003
https://doi.org/10.1111/j.1398-9995.2008.01774.x
https://doi.org/10.1111/j.1398-9995.2008.01774.x
https://doi.org/10.2332/allergolint.R-07-160
https://doi.org/10.1016/S0092-8674(00)81042-9
https://doi.org/10.1016/S1074-7613(02)00391-6
https://doi.org/10.1136/gut.2004.053785
https://doi.org/10.1126/science.296.5567.490
https://doi.org/10.1126/science.296.5567.490
https://doi.org/10.1136/gut.2004.059451
https://doi.org/10.1189/jlb.0108017
https://doi.org/10.1016/j.cell.2009.09.033
https://doi.org/10.1146/annurev-immunol-020711-075032
https://doi.org/10.1038/35085588
https://doi.org/10.1182/blood.V99.6.2185
https://doi.org/10.1182/blood-2002-10-3017
https://doi.org/10.1016/j.transproceed.2004.09.046
https://doi.org/10.1046/j.1365-2141.2002.03912.x
https://doi.org/10.1046/j.1365-2141.2002.03912.x
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1016/S1470-2045(12)70137-7
https://doi.org/10.1172/jci.insight.95367
https://doi.org/10.1056/NEJM200301093480219
https://doi.org/10.1056/NEJM200301093480219
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Jasinski et al.

Gut Microbiota in Multiple Myeloma

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Coxsackievirus vs. Other Infectious Pathogens. Cells (2021) 10(2):12-3. doi:
10.3390/cells 10020438

Bosseboeuf A, Mennesson N, Allain-Maillet S, Tallet A, Piver E, Decaux O, et al.
Characteristics of MGUS and Multiple Myeloma According to the Target of
Monoclonal Immunoglobulins, Glucosylsphingosine, or Epstein-Barr Virus
EBNA-1. Cancers (Basel) (2020) 12(5). doi: 10.3390/cancers12051254

Panfilio S, D'Urso P, Annechini G, D'Elia GM, De Angelis F, Stefanizzi C,
et al. Regression of a Case of Multiple Myeloma With Antiviral Treatment in
a Patient With Chronic HCV Infection. Leuk Res Rep (2013) 2(1):39-40. doi:
10.1016/j.1rr.2013.01.002

Rodriguez-Garcia A, Linares M, Morales ML, Allain-Maillet S, Mennesson
N, Sanchez R, et al. Efficacy of Antiviral Treatment in Hepatitis C Virus
(HCV)-Driven Monoclonal Gammopathies Including Myeloma. Front
Immunol (2021) 12:797209. doi: 10.3389/fimmu.2021.797209

Rodriguez Garcia A, Linares M, Mennesson N, Pérez-Revilla A, Sanchez R,
Leivas A, et al. The Role of Antiviral Treatment in Hepatitis C Virus (HCV)-
Driven Monoclonal Gammopathies. Blood (2019) 134:5560. doi: 10.1182/
blood-2019-126549

Mistry PK, Taddei T, vom Dahl S, Rosenbloom BE. Gaucher Disease and
Malignancy: A Model for Cancer Pathogenesis in an Inborn Error of
Metabolism. Crit Rev Oncog (2013) 18(3):235-46. doi: 10.1615/
CritRevOncog.2013006145

Nair S, Branagan AR, Liu J, Boddupalli CS, Mistry PK, Dhodapkar MV, et al.
Clonal Immunoglobulin Against Lysolipids in the Origin of Myeloma. N Engl
J Med (2016) 374(6):555-61. doi: 10.1056/NEJMoal508808

Bigot-Corbel E, Gassin M, Corre I, Le Carrer D, Delaroche O, Hermouet S,
et al. Hepatitis C Virus (HCV) Infection, Monoclonal Immunoglobulin
Specific for HCV Core Protein, and Plasma-Cell Malignancy. Blood (2008)
112(10):4357-8. doi: 10.1182/blood-2008-07-167569

Okumura R, Takeda K. Roles of Intestinal Epithelial Cells in the
Maintenance of Gut Homeostasis. Exp Mol Med (2017) 49(5):e338. doi:
10.1038/emm.2017.20

Sano T, Huang W, Hall JA, Yang Y, Chen A, Gavzy S], et al. An IL-23r/IL-22
Circuit Regulates Epithelial Serum Amyloid A to Promote Local Effector
Th17 Responses. Cell (2016) 164(1-2):324. doi: 10.1016/j.cell.2015.12.047
Liang SC, Tan XY, Luxenberg DP, Karim R, Dunussi-Joannopoulos K,
Collins M, et al. Interleukin (IL)-22 and IL-17 are Coexpressed by Th17 Cells
and Cooperatively Enhance Expression of Antimicrobial Peptides. ] Exp Med
(2006) 203(10):2271-9. doi: 10.1084/jem.20061308

He B, Xu W, Santini PA, Polydorides AD, Chiu A, Estrella J, et al. Intestinal
Bacteria Trigger T Cell-Independent Immunoglobulin A(2) Class Switching
by Inducing Epithelial-Cell Secretion of the Cytokine APRIL. Immunity
(2007) 26(6):812-26. doi: 10.1016/j.immuni.2007.04.014

Mabbott NA, Donaldson DS, Ohno H, Williams IR, Mahajan A. Microfold
(M) Cells: Important Immunosurveillance Posts in the Intestinal Epithelium.
Mucosal Immunol (2013) 6(4):666-77. doi: 10.1038/mi.2013.30

Hase K, Kawano K, Nochi T, Pontes GS, Fukuda S, Ebisawa M, et al. Uptake
Through Glycoprotein 2 of FimH(+) Bacteria by M Cells Initiates Mucosal
Immune Response. Nature (2009) 462(7270):226-30. doi: 10.1038/nature08529
Niess JH, Brand S, Gu X, Landsman L, Jung S, McCormick BA, et al. CX3CR1-
Mediated Dendritic Cell Access to the Intestinal Lumen and Bacterial Clearance.
Science (2005) 307(5707):254-8. doi: 10.1126/science.1102901

Chieppa M, Rescigno M, Huang AY, Germain RN. Dynamic Imaging of
Dendritic Cell Extension Into the Small Bowel Lumen in Response to
Epithelial Cell TLR Engagement. ] Exp Med (2006) 203(13):2841-52. doi:
10.1084/jem.20061884

Rescigno M, Urbano M, Valzasina B, Francolini M, Rotta G, Bonasio R, et al.
Dendritic Cells Express Tight Junction Proteins and Penetrate Gut Epithelial
Monolayers to Sample Bacteria. Nat Immunol (2001) 2(4):361-7. doi:
10.1038/86373

Worbs T, Bode U, Yan S, Hoffmann MW, Hintzen G, Bernhardt G, et al.
Oral Tolerance Originates in the Intestinal Immune System and Relies on
Antigen Carriage by Dendritic Cells. ] Exp Med (2006) 203(3):519-27. doi:
10.1084/jem.20052016

Macpherson AJ, Uhr T. Induction of Protective IgA by Intestinal Dendritic
Cells Carrying Commensal Bacteria. Science (2004) 303(5664):1662-5. doi:
10.1126/science.1091334

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid
Y, et al. A Functionally Specialized Population of Mucosal CD103+ DCs
Induces Foxp3+ Regulatory T Cells via a TGF-Beta and Retinoic Acid-
Dependent Mechanism. J Exp Med (2007) 204(8):1757-64. doi: 10.1084/
jem.20070590

Xu W, He B, Chiu A, Chadburn A, Shan M, Buldys M, et al. Epithelial Cells
Trigger Frontline Immunoglobulin Class Switching Through a Pathway
Regulated by the Inhibitor SLPI. Nat Immunol (2007) 8(3):294-303. doi:
10.1038/ni1434

Denning TL, Wang YC, Patel SR, Williams IR, Pulendran B. Lamina Propria
Macrophages and Dendritic Cells Differentially Induce Regulatory and
Interleukin 17-Producing T Cell Responses. Nat Immunol (2007) 8
(10):1086-94. doi: 10.1038/ni1511

Smythies LE, Sellers M, Clements RH, Mosteller-Barnum M, Meng G,
Benjamin WH, et al. Human Intestinal Macrophages Display Profound
Inflammatory Anergy Despite Avid Phagocytic and Bacteriocidal Activity.
J Clin Invest (2005) 115(1):66-75. doi: 10.1172/JCI200519229

Bain CC, Scott CL, Uronen-Hansson H, Gudjonsson S, Jansson O, Grip O,
et al. Resident and Pro-Inflammatory Macrophages in the Colon Represent
Alternative Context-Dependent Fates of the Same Ly6Chi Monocyte
Precursors. Mucosal Immunol (2013) 6(3):498-510. doi: 10.1038/mi.2012.89
YuY, Zeng H, Lyons S, Carlson A, Merlin D, Neish AS, et al. TLR5-Mediated
Activation of P38 MAPK Regulates Epithelial IL-8 Expression via
Posttranscriptional Mechanism. Am ] Physiol Gastrointest Liver Physiol
(2003) 285(2):G282-90. doi: 10.1152/ajpgi.00503.2002

Amulic B, Cazalet C, Hayes GL, Metzler KD, Zychlinsky A. Neutrophil
Function: From Mechanisms to Disease. Annu Rev Immunol (2012) 30:459-
89. doi: 10.1146/annurev-immunol-020711-074942

Fridlender ZG, Sun J, Kim S, Kapoor V, Cheng G, Ling L, et al. Polarization
of Tumor-Associated Neutrophil Phenotype by TGF-Beta: “N1” Versus
“N2” TAN. Cancer Cell (2009) 16(3):183-94. doi: 10.1016/j.ccr.2009.06.017
Bongers G, Pacer ME, Geraldino TH, Chen L, He Z, Hashimoto D, et al.
Interplay of Host Microbiota, Genetic Perturbations, and Inflammation
Promotes Local Development of Intestinal Neoplasms in Mice. ] Exp Med
(2014) 211(3):457-72. doi: 10.1084/jem.20131587

Mou H, Wu S, Zhao G, Wang J. Changes of Th17/Treg Ratio in the
Transition of Chronic Hepatitis B to Liver Cirrhosis and Correlations
With Liver Function and Inflammation. Exp Ther Med (2019) 17(4):2963-
8. doi: 10.3892/etm.2019.7299

Atarashi K, Tanoue T, Oshima K, Suda W, Nagano Y, Nishikawa H, et al.
Treg Induction by a Rationally Selected Mixture of Clostridia Strains From
the Human Microbiota. Nature (2013) 500(7461):232-6. doi: 10.1038/
naturel2331

Shahid A, Bharadwaj M. The Connection Between the Th17 Cell Related
Cytokines and Cancer Stem Cells in Cancer: Novel Therapeutic Targets.
Immunol Lett (2019) 213:9-20. doi: 10.1016/j.imlet.2019.07.001

Zhang H, Liao X, Sparks JB, Luo XM. Dynamics of Gut Microbiota in
Autoimmune Lupus. Appl Environ Microbiol (2014) 80(24):7551-60. doi:
10.1128/AEM.02676-14

Ivanov II, Frutos Rde L, Manel N, Yoshinaga K, Rifkin DB, Sartor RB, et al.
Specific Microbiota Direct the Differentiation of IL-17-Producing T-Helper
Cells in the Mucosa of the Small Intestine. Cell Host Microbe (2008) 4
(4):337-49. doi: 10.1016/j.chom.2008.09.009

den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker
BM, et al. The Role of Short-Chain Fatty Acids in the Interplay Between Diet,
Gut Microbiota, and Host Energy Metabolism. J Lipid Res (2013) 54
(9):2325-40. doi: 10.1194/jlr.R036012

Proietti M, Cornacchione V, Rezzonico Jost T, Romagnani A, Faliti CE,
Perruzza L, et al. ATP-Gated Ionotropic P2X7 Receptor Controls Follicular
T Helper Cell Numbers in Peyer’s Patches to Promote Host-Microbiota
Mutualism. Immunity (2014) 41(5):789-801. doi: 10.1016/j.immuni.
2014.10.010

Morrison DJ, Preston T. Formation of Short Chain Fatty Acids by the Gut
Microbiota and Their Impact on Human Metabolism. Gut Microbes (2016) 7
(3):189-200. doi: 10.1080/19490976.2015.1134082

Weill JC, Weller S, Reynaud CA. A Bird’s Eye View on Human B Cells.
Semin Immunol (2004) 16(4):277-81. doi: 10.1016/j.smim.2004.08.007

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 853540


https://doi.org/10.3390/cells10020438
https://doi.org/10.3390/cancers12051254
https://doi.org/10.1016/j.lrr.2013.01.002
https://doi.org/10.3389/fimmu.2021.797209
https://doi.org/10.1182/blood-2019-126549
https://doi.org/10.1182/blood-2019-126549
https://doi.org/10.1615/CritRevOncog.2013006145
https://doi.org/10.1615/CritRevOncog.2013006145
https://doi.org/10.1056/NEJMoa1508808
https://doi.org/10.1182/blood-2008-07-167569
https://doi.org/10.1038/emm.2017.20
https://doi.org/10.1016/j.cell.2015.12.047
https://doi.org/10.1084/jem.20061308
https://doi.org/10.1016/j.immuni.2007.04.014
https://doi.org/10.1038/mi.2013.30
https://doi.org/10.1038/nature08529
https://doi.org/10.1126/science.1102901
https://doi.org/10.1084/jem.20061884
https://doi.org/10.1038/86373
https://doi.org/10.1084/jem.20052016
https://doi.org/10.1126/science.1091334
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1038/ni1434
https://doi.org/10.1038/ni1511
https://doi.org/10.1172/JCI200519229
https://doi.org/10.1038/mi.2012.89
https://doi.org/10.1152/ajpgi.00503.2002
https://doi.org/10.1146/annurev-immunol-020711-074942
https://doi.org/10.1016/j.ccr.2009.06.017
https://doi.org/10.1084/jem.20131587
https://doi.org/10.3892/etm.2019.7299
https://doi.org/10.1038/nature12331
https://doi.org/10.1038/nature12331
https://doi.org/10.1016/j.imlet.2019.07.001
https://doi.org/10.1128/AEM.02676-14
https://doi.org/10.1016/j.chom.2008.09.009
https://doi.org/10.1194/jlr.R036012
https://doi.org/10.1016/j.immuni.2014.10.010
https://doi.org/10.1016/j.immuni.2014.10.010
https://doi.org/10.1080/19490976.2015.1134082
https://doi.org/10.1016/j.smim.2004.08.007
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Jasinski et al.

Gut Microbiota in Multiple Myeloma

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Vossenkamper A, Blair PA, Safinia N, Fraser LD, Das L, Sanders TJ, et al. A
Role for Gut-Associated Lymphoid Tissue in Shaping the Human B Cell
Repertoire. ] Exp Med (2013) 210(9):1665-74. doi: 10.1084/jem.20122465
Kim M, Kim CH. Regulation of Humoral Immunity by Gut Microbial
Products. Gut Microbes (2017) 8(4):392-9. doi: 10.1080/
19490976.2017.1299311

Sharifi L, Mirshafiey A, Rezaei N, Azizi G, Magaji Hamid K, Amirzargar AA,
et al. The Role of Toll-Like Receptors in B-Cell Development and
Immunopathogenesis of Common Variable Immunodeficiency. Expert Rev
Clin Immunol (2016) 12(2):195-207. doi: 10.1586/1744666X.2016.1114885
Oh JZ, Ravindran R, Chassaing B, Carvalho FA, Maddur MS, Bower M, et al.
TLR5-Mediated Sensing of Gut Microbiota is Necessary for Antibody
Responses to Seasonal Influenza Vaccination. Immunity (2014) 41(3):478-
92. doi: 10.1016/j.immuni.2014.08.009

Kim M, Qie Y, Park J, Kim CH. Gut Microbial Metabolites Fuel Host
Antibody Responses. Cell Host Microbe (2016) 20(2):202-14. doi: 10.1016/
j.chom.2016.07.001

Zeng MY, Cisalpino D, Varadarajan S, Hellman J, Warren HS, Cascalho M,
et al. Gut Microbiota-Induced Immunoglobulin G Controls Systemic
Infection by Symbiotic Bacteria and Pathogens. Immunity (2016) 44
(3):647-58. doi: 10.1016/j.immuni.2016.02.006

Yang W, Xiao Y, Huang X, Chen F, Sun M, Bilotta AJ, et al. Microbiota
Metabolite Short-Chain Fatty Acids Facilitate Mucosal Adjuvant Activity of
Cholera Toxin Through GPR43. ] Immunol (2019) 203(1):282-92. doi:
10.4049/jimmunol.1801068

Giuliani N, Colla S, Rizzoli V. New Insight in the Mechanism of Osteoclast
Activation and Formation in Multiple Myeloma: Focus on the Receptor
Activator of NF-kappaB Ligand (RANKL). Exp Hematol (2004) 32(8):685—
91. doi: 10.1016/j.exphem.2004.03.015

Jian X, Zhu Y, Ouyang ], Wang Y, Lei Q, Xia J, et al. Alterations of Gut
Microbiome Accelerate Multiple Myeloma Progression by Increasing the
Relative Abundances of Nitrogen-Recycling Bacteria. Microbiome (2020) 8
(1):74. doi: 10.1186/540168-020-00854-5

Antoine Pepeljugoski C, Morgan G, Braunstein M. Analysis of Intestinal
Microbiome in Multiple Myeloma Reveals Progressive Dysbiosis Compared
to MGUS and Healthy Individuals. Blood (2019) 134(Supplement_1):3076—-
6. doi: 10.1182/blood-2019-130643

Huang J, Jiang Z, Wang Y, Fan X, Cai ], Yao X, et al. Modulation of Gut
Microbiota to Overcome Resistance to Immune Checkpoint Blockade in
Cancer Immunotherapy. Curr Opin Pharmacol (2020) 54:1-10. doi: 10.1016/
j.coph.2020.06.004

Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, et al.
Gut Microbiome Influences Efficacy of PD-1-Based Immunotherapy Against
Epithelial Tumors. Science (2018) 359(6371):91-7. doi: 10.1126/
science.aan3706

Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillere R, Hannani D, et al. The
Intestinal Microbiota Modulates the Anticancer Immune Effects of
Cyclophosphamide. Science (2013) 342(6161):971-6. doi: 10.1126/
science.1240537

Andermann TM, Peled JU, Ho C, Reddy P, Riches M, Storb R, et al. The
Microbiome and Hematopoietic Cell Transplantation: Past, Present, and
Future. Biol Blood Marrow Transplant (2018) 24(7):1322-40. doi: 10.1016/
j.bbmt.2018.02.009

113. Pianko M]J, Devlin SM, Littmann ER, Chansakul A, Mastey D, Salcedo M,
et al. Minimal Residual Disease Negativity in Multiple Myeloma is
Associated With Intestinal Microbiota Composition. Blood Adv (2019) 3
(13):2040-4. doi: 10.1182/bloodadvances.2019032276

Al-Homsi AS, Feng Y, Duffner U, Al Malki MM, Goodyke A, Cole K, et al.
Bortezomib for the Prevention and Treatment of Graft-Versus-Host Disease
After Allogeneic Hematopoietic Stem Cell Transplantation. Exp Hematol
(2016) 44(9):771-7. doi: 10.1016/j.exphem.2016.05.005

Calcinotto A, Brevi A, Chesi M, Ferrarese R, Garcia Perez L, Grioni M, et al.
Microbiota-Driven Interleukin-17-Producing Cells and Eosinophils
Synergize to Accelerate Multiple Myeloma Progression. Nat Commun
(2018) 9(1):4832. doi: 10.1038/s41467-018-07305-8

Langley RG, Elewski BE, Lebwohl M, Reich K, Griffiths CE, Papp K, et al.
Secukinumab in Plaque Psoriasis—Results of Two Phase 3 Trials. N Engl |
Med (2014) 371(4):326-38. doi: 10.1056/NEJMoal314258

Nucci M, Anaissie E. Infections in Patients With Multiple Myeloma. Semin
Hematol (2009) 46(3):277-88. doi: 10.1053/j.seminhematol.2009.03.006
Bilinski J, Grzesiowski P, Sorensen N, Madry K, Muszynski J, Robak K, et al.
Fecal Microbiota Transplantation in Patients With Blood Disorders Inhibits
Gut Colonization With Antibiotic-Resistant Bacteria: Results of a
Prospective, Single-Center Study. Clin Infect Dis (2017) 65(3):364-70. doi:
10.1093/cid/cix252

Bilinski J, Jasinski M, Tomaszewska A, Lis K, Kacprzyk P, Chmielewska L, et al.
Fecal Microbiota Transplantation With Ruxolitinib as a Treatment Modality for
Steroid-Refractory/Dependent Acute, Gastrointestinal Graft-Versus-Host
Disease: A Case Series. Am ] Hematol (2021) 96(12):E461-3. doi: 10.1002/
ajh.26365

Bilinski J, Lis K, Tomaszewska A, Grzesiowski P, Dzieciatkowski T, Tyszka
M, et al. Fecal Microbiota Transplantation in Patients With Acute and
Chronic Graft-Versus-Host Disease-Spectrum of Responses and Safety
Profile. Results From a Prospective, Multicenter Study. Am ] Hematol
(2021) 96(3):E88-91. doi: 10.1002/ajh.26077

114.

115.

116.

117.

118.

119.

120.

Conflict of Interest: JB and GWB are the founders of the fecal microbiota bank
and laboratory named the Human Biome Institute.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Jasiniski, Biliniski and Basak. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

March 2022 | Volume 13 | Article 853540


https://doi.org/10.1084/jem.20122465
https://doi.org/10.1080/19490976.2017.1299311
https://doi.org/10.1080/19490976.2017.1299311
https://doi.org/10.1586/1744666X.2016.1114885
https://doi.org/10.1016/j.immuni.2014.08.009
https://doi.org/10.1016/j.chom.2016.07.001
https://doi.org/10.1016/j.chom.2016.07.001
https://doi.org/10.1016/j.immuni.2016.02.006
https://doi.org/10.4049/jimmunol.1801068
https://doi.org/10.1016/j.exphem.2004.03.015
https://doi.org/10.1186/s40168-020-00854-5
https://doi.org/10.1182/blood-2019-130643
https://doi.org/10.1016/j.coph.2020.06.004
https://doi.org/10.1016/j.coph.2020.06.004
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.1240537
https://doi.org/10.1126/science.1240537
https://doi.org/10.1016/j.bbmt.2018.02.009
https://doi.org/10.1016/j.bbmt.2018.02.009
https://doi.org/10.1182/bloodadvances.2019032276
https://doi.org/10.1016/j.exphem.2016.05.005
https://doi.org/10.1038/s41467-018-07305-8
https://doi.org/10.1056/NEJMoa1314258
https://doi.org/10.1053/j.seminhematol.2009.03.006
https://doi.org/10.1093/cid/cix252
https://doi.org/10.1002/ajh.26365
https://doi.org/10.1002/ajh.26365
https://doi.org/10.1002/ajh.26077
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Role of the Crosstalk Between Gut Microbiota and Immune Cells in the Pathogenesis and Treatment of Multiple Myeloma
	1 Introduction
	2 Gut Microbiota – Significance During Our Life
	3 The Role of the B-Cell Chronic Stimulation in Multiple Myeloma Pathogenesis
	4 The Interaction Between Gut Microbiota and Other Cells
	4.1 Epithelial Cells
	4.2 Immune Cells
	4.2.1 Dendritic Cells (DCs)
	4.2.2 Macrophages
	4.2.3 Neutrophils
	4.2.4 T Cells
	4.2.5 B Cells and Plasmacytes


	5 Possible Mechanistic Pathway of Myeloma Cell Initiation in the Context of Microbiota
	6 The Effects of Gut Microbiota Composition on Treatment Results in MM
	7 Novel Approaches in Methods Exploring the Role of Gut Microbiota in MGUS and MM Development
	8 New Potential Targets of Treatments in Multiple Myeloma
	9 Conclusions
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


