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Technology, Wuhan, China
Multiple myeloma is the second most common malignant hematologic

malignancy which evolved different strategies for immune escape from the

host immune surveillance and drug resistance, including uncontrolled

proliferation of malignant plasma cells in the bone marrow, genetic mutations,

or deletion of tumor antigens to escape from special targets and so. Therefore, it

is a big challenge to efficiently treat multiple myeloma patients. Despite recent

applications of immunomodulatory drugs (IMiDS), protease inhibitors (PI),

targeted monoclonal antibodies (mAb), and even hematopoietic stem cell

transplantation (HSCT), it remains hardly curable. Summarizing the possible

evasion strategies can help design specific drugs for multiple myeloma

treatment. This review aims to provide an integrative overview of the intrinsic

and extrinsic evasion mechanisms as well as recently discovered microbiota

utilized by multiple myeloma for immune evasion and drug resistance, hopefully

providing a theoretical basis for the rational design of specific immunotherapies

or drug combinations to prevent the uncontrolled proliferation of MM, overcome

drug resistance and improve patient survival.
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1 Introduction

Multiple myeloma (MM) is a malignant tumor developed from the progressive growth

and proliferation of clonal transformed plasma cells (PCs) present in the bone marrow (BM)

(1–3). MM is the second most common hematologic malignancy. In the general statistics of

cancer, the incidence of MM is 1%, and increases with age, accounting for 13% of

hematological malignancies (4, 5). 50% of diagnosed cases are older than 75 years, but rare

in those younger than 40 years (6, 7). MM is characterized by a multi-step evolutionary

pathway, starting with the early asymptomatic stage, defined as monoclonal g disease of

unknown significance (MGUS). Among those, 1% of cases generally evolved into the

dominant disease each year, through an intermediate stage called “smoldering” MM

(SMM) (8). Dominant MM promotes terminal organ dysfunction with the accumulation

of clonal PCs in myeloma, which is clinically diagnosed as anemia, osteolytic disease,
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hypercalcemia, and kidney damage (1, 9). Modern myeloma

treatment has dramatically improved patient outcomes, even with

5-year overall survival (OS) nearly doubling (10). However, despite

these improvements, MM still remains incurable (11–13). On the one

hand, similarly to other types of cancers, MM is a genetically complex

and heterogeneous disease resulting from multiple genomic events

that trigger tumor development and progression. Primary genomic

events are usually divided into hyperdiploid (HRD) and non-HRD

subtypes. Most non-HRD tumors harbor typical translocations

affecting the genes encoding immunoglobulin (Ig)heavy chains

(IgH) — mainly t(4;14), t(6;14), t(11;14), t(14;16) and t(14;20),

while those patients lacking immunoglobulin heavy chain(IgH)

translocations have hyperdiploid chromosome number (HMM)

with trisomies of chromosomes 3,5,7,9,11,15,19 and 21. Secondary

events provide a fitness advantage to a particular subclone over other

populations and are required for tumor development and

progression. For example, most copy-number variations (CNV),

translocations involving the MYC gene family, and somatic

mutations affect mitogen-activated protein kinase (MAPK), nuclear

factor-kB (NF-kB), and DNA-repair pathways (14). On the other

hand, the biological progress of MM from MGUS to dominant

disease indicates that the bidirectional interaction between

myeloma cells with BM auxiliary cells and extracellular matrix

induces autocrine and paracrine signaling. Furthermore, tumor

cells utilize secreted soluble factors such as cytokines, growth

factors, chemokines,etc. as well as cell-cell adhesion to transform

the bone marrow microenvironment into an immunosuppressive

milieu (15, 16). The immunosuppressive environment not only

supports the tumor progression but also promotes its escape. Next,

it cannot be neglected that the influence of the microbiota on host

immunity is also essential. Researchers reported that the microbiota

plays a potential role in the pathogenesis of hematologic malignancies

such as MM by influencing inflammatory signaling pathways and
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host metabolism.Meanwhile, microbial metabolites also influence the

immunity and prognosis of patients with myeloma and

hematological malignancies (17). Therefore, the focus of our

current research should not only be limited to the tumor

metabolism and progression but also be extended to the diverse

evasion mechanisms and drug resistance. This review aims to provide

an integrative overview of the intrinsic and extrinsic mechanisms

(Figure 1, 2) as well as recently discovered microbiota utilized by MM

for immune evasion and drug resistance, hopefully providing a

theoretical basis for the rational design of specific drugs or

combinations to prevent the immune escape of MM, to overcome

drug resistance of MM, thereby aiming to improve patient

survival rates.
2 Intrinsic mechanism

2.1 Immunoediting

“Immune editing” unifies the immune system’s dual host

defense and tumor sculpting capabilities (18). Dunn, G. P et al.

reported that elimination, equilibrium, and escape processes lead to

cancer immune editing (19 ). (Figure 3) During the elimination

phase, immune surveillance preserves intracellular homeostasis by

intrinsic and adaptive immunity, thereby continually identifying and

eliminating altered cells malignantly (18). Experimental data

performed by comparison of tumor growth and metastasis

between wild-type and immunodeficient mouse models showed

that Natural Killer(NK) cells, CD8+ T cells, and their effector

molecules perforin and Interferon-g(IFN-g) play key roles in

myeloma recognition and elimination (19). Any tumor cell

variants that survive the elimination process will enter dynamic

equilibrium. In this phase, the immune system is likely silent, and
FIGURE 1

Evasion strategies represent the cross-talk between multiple myeloma with various lymphocytes. Immune evasion mechanisms utilized by multiple
myeloma involve both the lymphoid and myeloid compartments. Image illustrates the evasion strategies employed by various lymphocytes in
multiple myeloma, including effector T cells (CD4+, CD8+ T cells), T helper cells (Th1, Th2, Th17, Treg), B cells and NK cells. Their cross-talk with
multiple myeloma in the presence of virous cytokines promote disease progression and facilitate immune escape. Created with Biorender.com.
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keeps residual tumor cells in a dormant functional state, eventually

resuming growth in the form of recurrent primary tumors or distant

metastases. Stronger evidence about the existence of an equilibrium

phase came from primary tumorigenesis experiments reported by

Catherine M. Koebel, which showed that immunocompetent mice

treated with low doses of a carcinogen [3 ‘-methylcholanthraxime

(MCA)] were able to “hide” cancer cells for long periods. When T

cells and IFN-g were depleted, tumors rapidly appeared at the

original MCA injection site in half of the mice. Tumor cells

separated from these lesions had high immunogenicity. Further

analysis shows that the adaptive immunity in this model of mice,

such as interleukin 12 (IL - 12), IFN - g, CD4+, CD8+ T cells, instead

of innate immune displayed ability to maintain the balance of the
Frontiers in Immunology 03
occult tumor cells. This observation mechanistically distinguishes

equilibrium from elimination, as the latter exhibits an obligate

requirement for innate and adaptive immunity (20). For example,

in the development of MM, asymptomatic PC dyscrasias (MGUS

and SMM) may represent the equilibrium phase (21). Experiments

performed by Das. R showed that xenografted PC from MGUS

patients showed progressive growth in immunodeficient humanized

mice, suggesting that the disease latency was correlated with host

immune conditions (22). What’s more, Dhodapkar et al. also showed

that the lack of anti-SOX2 (an embryonic stem cell antigen)T cells

was significantly associated with the progression to active MM in

patients with MGUS or asymptomatic MM. It highlights the

importance of tumor-specific T cells in preventing disease
FIGURE 3

The three distinct phases of immune editing in multiple myeloma. The immune editing phases in multiple myeloma include the elimination phase,
equilibrium phase, and escape phase respectively. During the elimination phase, tumor cell eradication is mediated by both humoral and cellular
immunity. The equilibrium phase represents a critical transitional period characterized by continuous sculpting of tumors under immune pressure,
ultimately leading to dormancy breakage and subsequent relapse and dissemination. The escape phase signifies the proliferation of multiple
myeloma as tumors employ diverse mechanisms to evade immune surveillance. Created with Biorender.com.
FIGURE 2

Differential cellular components within the bone marrow microenvironment involved in immune evasion of MM. Dendritic cells (DCs), myeloid-
derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs) are crucial cellular components within the bone marrow
microenvironment involved in the immune evasion of multiple myeloma, which plays pivotal roles in the progression of multiple myeloma. Briefly,
the reduction in normal DC numbers is accompanied by a decline in antigen presentation ability; however, the accumulation of precursor DC cells
drives the progression of multiple myeloma. MDSCs exert immunosuppressive effects and promote tumor growth through both direct and indirect
pathways. TAMs exhibit diminished immune cytotoxicity and antigen presentation ability while promoting tumor survival and expansion through
cytokine release such as IL-6 and IL-10. Moreover, they can induce vascular mimicry formation and release VEGF, thereby facilitating tumor
angiogenesis. This figure was. Created with Biorender.com.
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progression (23). The last phase is called escape. The surviving

tumor variants escaping immune detection begin to expand

uncontrollably which leads to clinically observed malignant disease

that, if left uncontrolled, can result in death (24).
2.2 Reduced immune recognition of
tumor antigens

The reduction in immune recognition is mainly due to the

absence or reduced expression of tumor antigens or defects in

processing and presentation. Under immune selection, in order to

survive, cancer cells undergo immunogenic mutations, thereby

prompting loss of tumor antigenicity (18). A case of irreversible B

cell-maturation antigen(BCMA) loss was reported in a patient with

MM who was enrolled in the KarMMa trial (NCT03361748) and

progressed after anti-BCMA chimeric antigen receptor (CAR) T-cell

therapy. Furthermore, the researchers identified the selection of

tumor necrosis factor receptor superfamily 17(TNFRSF17)

homozygous deletion clones (BCMA) as a potential immune escape

strategy. In addition, they identified TNFRSF17 heterozygous

deletion or 16 monosomy in 37 of 168 MM patients, including 28

of 33 hyperhaploid MM patients who had not previously received

BCMA-targeted therapy, suggesting that TNFRSF17 heterozygous

deletion at baseline could theoretically be a risk factor for BCMA loss

after immunotherapy (25). Furthermore, during the CAR-T therapy,

the selection for a BCMA double allele loss clone after initial CAR-T

cell infusion by deletion of one allele and a mutation produced an

early termination codon on the second allele. This deletion resulted in

a lack of proliferation of CAR-T cells after the second infusion, which

was also reflected by the lack of soluble BCMA in the patient’s serum

(26). In a recent clinical trial, the anti-G protein–coupled receptor,

class C group 5 member D(GPRC5D) CAR T-cell therapy has

exhibited promising clinical efficacy and manageable safety profiles

in patients with relapsed/refractoryMM, thus providing an additional

alternative for individuals who have experienced disease progression

or developed resistance to anti-BCMA CAR-T treatment (27).

Meanwhile, two rare cases of relapsed refractory MM patients that

were initially CD38 positive but spontaneously converted to CD38

negative were reported (28), suggesting CD38 is also involved in

antigen deletion. In terms of antigen processing and presentation, it

was found that transporters associated with antigen processing(TAP)

expression were related to the presentation of major

histocompatibility complex(MHC) class I molecules. One of the

myeloma cell lines (NCI-H929) included in the study showed

reduced TAP peptide transport activity. Although TAP expression

levels were comparable in the cell lines, NCI-H929 cell surface

expression levels of MHC class I molecules were significantly

reduced. When IFN-g was supplied to NCI-H929 cells, TAP

expression and peptide transport activity were upregulated (29).

Similarly, the expression of proteasome subunits and peptide

transport proteins was lower, while the level of chaperone proteins

was higher in MM samples (29). Changes in the antigen processing-

presentation machinery in the pathogenesis sequence may allow

transformed plasma cells to evade immune surveillance (30).
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2.3 Genomic alterations

Intraclonal heterogeneity is present at all stages of tumor

progression, which is through the transformation of high-risk

(HR)-SMM into MM, a typical disease feature (31). For example,

translocations involving immunoglobulin (Ig) loci and

chromosome 13 monosomes are common cytogenetic findings in

multiple myeloma, and similar translocations exist in both MGUS

and MM, including t(4;14)(p16.3;q32) and t(14;16)(q32;q23). In

addition, chromosome 13 monosomy is common in MGUS, but

unlikely to play a dominant role in the progression of MGUS to

MM (32). Experts found that the GABA receptor-associated protein

(GABARAP) locus is located at chr17p13.1, a region that is missing

in high-risk (HR) MM with poor prognosis, and that low

GABARAP levels were significantly associated with shorter event-

free survival(EFS) even for MM patients without del17p. This

mechanism may explain why patients with del17p HR MM had

poor clinical outcomes, thus suggesting that new therapies that

restore GABARAP may help to improve the outcome of MM

patients (33). In MM progression, some extramedullary myeloma

cells expressing the tumor necrosis factor -related apoptosis-

inducing ligand(TRAIL) gene trigger aberrant activation of

TRAIL receptors on the surface of T cells, therefore inhibit

proximal T cell receptor(TCR)signaling and suppress human T

cells activation and proliferation (34). Moreover, t(14;16) with a

mutation in B-Raf proto-oncogene(BRAF) exits in a small subset of

patients with newly diagnosed multiple myeloma, this mutation has

been observed to be associated with an increased incidence of

advanced refractory disease and unfavorable outcomes (35). A

prospective single-arm, open-label, multicenter phase 2 trial

evaluated the efficacy and safety of combined BRAF/mitogen-

activated protein kinase(MEK) inhibition (using encorafenib and

binimetinib) in patients with relapsed/refractory multiple myeloma

(RRMM) carrying the BRAFV600E mutation (NCT02834364). This

study represents the first prospective clinical trial to demonstrate

the remarkable efficacy of BRAF/MEK combination inhibition in

patients with RRMM harboring the BRAFV600E mutation, thus

exemplifying a successful implementation of targeted precision

medicine for this malignancy. Although the initiating event of

myeloma is clonal, the subsequent driving lesions usually occur in

subclones of cells, thereby promoting disease progression through a

Darwinian selection process. Therefore, understanding the co-

evolution process of clones in their local microenvironment is

essential for the further therapeutic manipulation of this event (36).
3 Extrinsic mechanism

3.1 lymphocytic compartment

3.1.1 T cells
Effectively immunoreactive T cells in tumor microenvironment

(TME) are required to successfully eliminate tumor cells. Defects in

T cell activity and tissue distribution have been reported in MM

patients (37–39). Immunoreactive T cells normally encompass
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helper T cells and effector T cells. Among the effector T cells, the

percentage and absolute number of CD4+ cells were significantly

decreased in MM patients. In contrast, the relative number of CD8+

cells increased only slightly (40). Low CD4+ T-cell counts and CD4/

CD8 ratios at diagnosis were independent predictors of poor

prognosis in MM patients (41). The effector T cell therapies,

including CAR-T, bispecific T cell Engager (BiTE), and antibody-

drug conjugate(ADC), have been applied in clinical practice. CAR-

T therapies targeting BCMA, GP5CRD, Signaling lymphocytic

activation molecule family member 7(SLAMF7), CD38 etc. along

with BITE and ADC technologies have demonstrated remarkable

efficacy in clinical settings, leading to breakthrough therapeutic

outcomes (42). T helper cells(Th) mainly comprise Th1, Th2, Th17,

regulatory cell(Treg), and follicular helper T (Tfh) cells.

Furthermore, elevated peripheral blood Th1/Th2 ratios have also

been reported in patients with primary and refractory MM (43). In

addition, the equilibrium between Treg and Th17 cells is pivotal for

effective anti-tumor immune response. An increased Treg/Th17

ratio results in a bias toward immunosuppression. The experts

showed that serum levels of interleukin(IL)-17, IL-22 as well as the

frequency of Th17 cells produced by bone marrow and peripheral

blood mononuclear cells were significantly increased in myeloma

patients compared with healthy donors, suggesting that Th17-

associated pro-inflammatory cytokines may be present in MM

BM microenvironment and may regulate MM cell growth as well

as immune response. Then, they further observed that IL-17

promotes myeloma cell growth, colonization, and adhesion to

bone marrow stromal cells (BMSC) through blinding to IL-17

receptor, as well as increased the in vivo growth in murine

xenotransplantation model of human MM (44).Likewise, the

highly significant statistical relationship between the IL-17 in

bone marrow and osteoclast formation also strongly supports the

promotion of IL-17 to osteolytic disease (45). Next, it is confirmed

that IL-22 promotes signal transducer and activator of transcription

3(STAT-3) phosphorylation, cell growth in IL-22RA1+(IL-22

receptor) MM cells. Moreover, the treatment of IL-22RA1+MM

cells with IL-22 increases both cell growth through p38 mitogen

activated protein kinase (MAPK)activation and resistance to drug-

induced cell death through up-regulation of myeloid leukemia 1

(Mcl-1) expression and inhibition of drug-induced caspase-3

activation (46). The population of CD4+ CD25+ Treg cells is

elevated in the peripheral blood of MM patients, and the

upregulation of transcription factor 3 (Foxp3) in CD4+ CD25+

Treg cells is correlated with their immunosuppressive activity (47).

In addition, increased Treg cell count in MM patients is pertaining

to abbreviated disease progression time and diminished survival

(48). Treg cells derived fromMM patients exhibit potent suppressor

activity against antigen-presenting cells (APCs) and T cell

proliferation. Detailedly, it can be classified into three basic

“modes of action”: inhibition by secretion of suppressive

cytokines, inhibition by cytolysis, and inhibition by regulation of

dendritic cell (DC) maturation or function (49). Compared to

healthy individuals, patients with MM exhibit significantly

elevated levels of transforming growth factor-beta (TGF-b) and

interleukin-10 (IL-10) secreted by regulatory T cells (Tregs),
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indicating an enhanced suppressive activity. Notably, Treg cells

also secrete granzyme B, resulting in the apoptosis of cytotoxic T

lymphocytes (CTLs), B cells, and natural killer cells (NK cells) (50–

52) Regarding the immunomodulatory effects mediated by Treg

cells on DC maturation and function, the binding of lymphocyte

activation gene-3(LAG3) to immature DC-expressing MHC class II

molecules induces immunoreceptor tyrosine-activated motifs

(ITAM)-mediated inhibitory signaling pathway, thereby

inhibiting DC maturation and immune stimulatory capacity (53–

56). In addition, CD86 and human leukocyte antigen G (HLA-G)

are common antigens acquired by T cells from malignant plasma

cells (trogocytosis) and HLA-G+ T cells, which have regulatory

functions similar to those of natural Treg cells, providing another

novel mechanism for evading effective immune surveillance utilized

by MM cells (57). Tregs-related therapy has also made a great

breakthrough in MM treatment. For example, in vivo removal of

Treg in mice with established multiple myeloma induced effective

CD8 T-cell and NK cell-mediated immune responses, leading to

complete and stable remission of MM. This preclinical in vivo study

suggests that Treg is an attractive target for treating MM (58). In

addition, since SLAMF7 is highly expressed on immunosuppressive

CD8+CD28-CD57+ Treg cells in patients with MM, anti-SLAMF 7

treatment efficiently cleared suppressive T cells from the peripheral

blood of MM patients. It is suggested that anti-SLAMF7 antibodies

can enhance the anti-tumor immune responses in MM patients

(59). Changes in the Treg compartment identified during MM

progression are essential for improving our understanding of

clinical stability of MGUS and MM pathology, and further for

improving the clinical diagnosis, prognosis, and therapeutic

implications of MM with potential implications (60).

3.1.2 B cells
B regulatory(Breg) cell is an immunosuppressive cell that

supports immune tolerance through the production of interleukin

10 (IL-10), IL-35, and transforming growth factor b (TGF-b).
Recent studies have shown that different inflammatory

environments formed during the MM progression induce

different Breg cell phenotypes (61). For example, in the bone

mar row mic roenv i ronment o f MM pat i en t s , CD19

+CD24hiCD38hi Bregs expression is increased (62). This type of

CD19+CD24hiCD38hi B cells can inhibit CD4+CD25 - T cell

proliferation and suppress th1 cell differentiation, thereby

inhibiting the release of the pro-inflammatory cytokines, such as

IFN-g and TNF- a by T cells. This inhibition is partially mediated

by the production of interleukin-10 (IL-10) (63). The addition of

CD80 and CD86 monoclonal antibodies can reverse such an

inhibition (64). Furthermore, the bone marrow-derived CD19

+CD24highCD38high Breg population abrogates NK cell-

mediated antibody-dependent cell mediated cytotoxicity (ADCC)

against MM by producing IL-10 (65). Next, Bregs also convert CD4

+ T cells into activated Tregs by secreting transforming growth

factor-beta (TGF-b), which in turn inhibits T cell proliferation and

promotes tumor metastasis (66, 67). Therapeutically, the effective

treatment with daratumumab is accompanied by the eradication of

Bregs in addition to its anti-myeloma effects (62).
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3.1.3 NK cells
NK cell is a type of lymphocyte characteristic with CD3-CD56+,

exerting antitumor effects not only through direct killing and

triggering ADCC, but also indirectly through induction of

cytokines release, such as granzyme, IFN-g, and TNF-a (68–70).

NK cells express a range of receptors, especially on the cell surface,

including receptors for inhibition, activation, adhesion, and

cytokines. When in contact with interacting cells via surface-

expressed receptors, various signals may be transduced

simultaneously, in turn determining whether NK cells will be

activated (69, 71–73). Interestingly, the expression of activated

receptors such as natural killer group 2D receptor(NKG2D),

natural killer p30 (NKp30) and natural killer p46(NKp46) on bone

marrow natural killer cells was found to be suppressed in patients

with MM compared to healthy volunteers (74, 75). Notably, tumor

cells evade immune surveillance by down-regulating NK cells’

sensitivity and upregulating human leukocyte antigen C(HLA-C)

and human leukocyte antigen E (HLA-E) expression (69, 72, 76, 77).

Proteasome inhibitors (Bortezomib and Carfilzomib) can induce NK

cell-mediated killing of MM cells by down-regulating MHC-I

expression on the surface of MM cells (78, 79). Also, NK cells from

MM patients express programmed cell death protein 1(PD-1),

whereas normal NK cells do not. The combination of PD-1 and

programmed death-ligand 1(PD- L1) down-regulates the effect of NK

cells mediated elimination of MM. It was proved that the novel anti-

PD-1 antibody CT-011 enhances the killing of autologous primary

MM cells by human NK cells. Notably, a phase 2 clinical trial of CT-

011 in combination with lenalidomide for the treatment of MM

patients warrants consideration (80). In MM, but not MGUS,

myeloma cells shed soluble MHC class I-related chain A (sMICA),

resulting in downregulation of NKG2D expression, impaired

lymphocytotoxicity, and resistance to NKG2D-mediated killing

(81–83). These findings revealed that changes in the NKG2D path

were associated with progression from MGUS to MM, and increased

the likelihood of application of anti-MICA monoclonal antibodies to

treat these diseases (83). Experts also found that MM, by promoting

the upregulation of CXC-chemokine receptor 3(CXCR3) ligands and

downregulating of CXC-chemokine receptor 12 ligands(CXCL12),

driven NK cells outside of the bone marrow, thereby impairing the

antitumor immune responses at the primary site (84). In terms of

therapies, developing CAR-NK cells is an exciting approach for MM

treatment. Due to the isolation of NK cells and the absence of MHC

restriction for tumor cell eradication, various approaches were also

developed for the clinical application of NK cell-based therapies, such

as bi-specific antibodies specific to NK cells (85). Moreover,

remarkable advancements have been achieved in the management

of MM by means of ex vivo expansion and activation of NK cells,

followed by autologous and haploidentical infusion. (NCT03019640).
3.2 Myeloid compartment

3.2.1 Myeloid-derived suppressive cells
MDSCs are mainly divided into two subtypes: granulocytic

myeloid-derived suppressive cells(G-MDSCs): CD11b+CD14
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−CD15+/CD66b+; monocytic myeloid-derived suppressive cells

(M-MDSCs): CD14+CD15−HLA- DRlo/– (86). MDSCs are a

heterogeneous group of immature hematopoietic cells that

play a role in MM cell survival, tumor progression, and

immunosuppression (87). In return, MM can also promote the

accumulation and activation of MDSCs, thus forming a vicious

cycle (88). The regulatory mechanisms managing MDSCs’

acceleration of myeloma progression are primarily composed

of direct and indirect methods. In relation to the direct

mechanism, Lisha Ai et al. demonstrated that G-MDSCs

induced piRNA-823 expression, which in turn facilitated DNA

methylation and incorporated stem cell characteristics into MM

cells (89). As observed by experts, the activation of adenosine

monophosphateactivated kinase (AMPK) partially mediates the

tumor-promoting effect of MDSC in mice (90). Additionally, the

production of S100A9, a calcium-binding protein that stimulates

the secretion of TNF-a, IL-6, and IL-10 through toll-like receptor 4

(TLR4)-mediated autocrine signaling, by MDSCs in the tumor

microenvironment (TME) attracts myeloma cells (91) and fosters

their growth by activating the canonical nuclear factor-kappa B(NF-

kB) pathway (92). MDSCs indirectly affect MM cells’ survival

through the modulation of nutrient availability, secretion of

soluble factors, and the expression of cell surface inhibitory

molecules. MDSCs enhance the expression of enzymes that

contribute to the depletion of essential amino acids, such as L-

arginine, required for effective TCR-mediated signaling (93, 94).

Kavita Ramji et al. investigated that arginase 1(ARG 1) expression

in myeloid cells strongly suppressed antigen-induced adoptive

transfer of T cell proliferation in a murine MM Vk*MYC model,

accompanied by a systemic decrease in L-arginine levels.

Furthermore, they found T cell proliferation was restored and

Vk*MYC tumor progression was significantly delayed when they

knocked out ARG1 in MM-bearing mice or applied ARG inhibitors

(95). In addition,multiple soluble factors,and cytokines, such as IL-

10, IL-6, TGF-b, CD40-CD40 ligand, and IFN-g, contribute to the

immune-suppressive activity of MDSC in the TME, tipping the

scales in favor of Tregs (96, 97). Purposefully, the expression of

CD38 on MDSCs play a crucial role in the discontinuous multi-

cellular pathway of adenosine (Ado) (98), a highly represented

immune-suppressive nucleoside in the TME of MM patients (99).

The expression of immunecheckpoint (ICP)/ICP-L plays a role in

the impairment of anti-myeloma immune responses. As previously

demonstrated, PD-L1 is expressed by BMMDSC in all disease states

and potentially contributes to the suppression of anti-myeloma

activity by PD1+ effector cells (100, 101). To break free from this

detrimental cycle, studies have shown that macrophage migration

inhibitory factor(MIF) present in the MM microenvironment

induces bone marrow cells to express CD84, resulting in

upregulation of PD-L1 expression on the surface of MDSCs (102).

The presented data demonstrate that galectin-1, derived from MM,

could mediate the tumor-promoting effect of M-MDSCs through its

interaction with CD304 on M-MDSCs and contribute to tumor

progression post-ASCT (103). These newly discovered molecules are

expected to be used to as specific markers to target MDSCs for the

treatment of MM.
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3.2.2 Dendritic cells
Dendritic cells(DCs) have an antigen-presenting role and

bridge innate and adaptive immunity. It is divided into three

main subtypes plasma cell-like DC precursor cells (pDCs),

myeloid DCs (mDCs), and monocytic DCs (MoDCs) (104). The

absolute numbers of circulating MoDCs, mDCs, and pDCs were

significantly lower in MM patients than those in healthy subjects,

both at diagnosis and during the malignant process (105). In

addition, during MGUS-MM progression, the aggregation of

mDCs and pDCs in the bone marrow was correlated with the

tumor load (106). Myeloma peripheral blood DCs(PBDCs) mature

with reduced expression of leukocyte antigen (HLA-DR), CD40,

and CD80 antigens. Reduced expression of MHC class II

molecules and costimulatory molecules is responsible for

the defective induction of T cell proliferation. In contrast, Mo-

DCs and PBDCs from healthy controls are potent T-cell

immunostimulatory factors. Both in vitro and in vivo models

of human MM have shown that pDC promotes MM cell

growth, survival, chemotaxis, and drug resistance (bortezomib,

lenalidomide). Their findings identify an important role of

pDCs in MM pathogenesis and provide a basis for targeting

pDC-MM interactions with cytosine-phosphate-guanosine (CpG)

oligonucleotides (ODNs), as a therapeutic strategy to improve MM

patient prognosis (107). The effect of DCs-mediated induction of

Treg depends on the nature of the DCs maturation stimulus with

inflammatory cytokine-treated DCs (Cyt-DCs) being the most

effective Treg inducer. DC-induced Treg from both healthy

donors and MM patients functionally and effectively suppresses

T-cell responses (108). DC vaccination has developed from

generation to generation over the years. To maximize the

therapeutic potential of DC-based therapies, new approaches for

the treatment of MM that combine dendritic cell-based

immunotherapy with conventional therapies, including

chemotherapy, immunomodulatory drugs (IMiDs; Lenalidomide

and pomalidomide), and immune checkpoint inhibitors (ICIs; PD-

L1) have been proposed (103). In addition, many cytokines were

shown to modulate DCs functions. For example, IL-6 inhibits

CD34+ DC progenitor cell colony growth, thus converting CD34+

cells from DCs to CD14+ CD1a+ monocytes that exert powerful

phagocytosis capacity, but have low antigen presentation capacity.

In neutralization experiments, this effect is reversed by anti-IL-6

antibodies (105). In addition, TGF-b1 and IL-10 secreted by

myeloma have a role in inhibiting CD80/CD86 upregulation

during DC maturation (105, 109). Anti-TGF-b1 antibody, anti-

IL-10 antibody or IL-12, IFN-g infusion can neutralize such an

inhibitory effect due to CD80/CD86 upregulation (110). In a recent

randomized phase II trial (NCT02728102), experts evaluated the

impact of the DC/MM fusion vaccine in combination with

maintenance therapy. Although no significant increase in disease

response was observed, a notable association with a substantial rise

in circulating multiple myeloma-reactive lymphocytes indicative of

tumor-specific immunity was identified. These results also lay the

foundation for the future development of immunotherapeutic

modalities to restore the immune function of DCs, thereby

inhibiting tumor growth in MM patients (111).
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3.2.3 Macrophages/monocytes
CD14+ monocytes in the MM microenvironment present

defective antigen presentation ability due to intracellular HLA-DR

accumulation, thus leading to the accumulation of MM and the

suppression of T-cell activation (112). Tumor-associated

macrophages (TAMs) are derived from circulating monocytes,

and their high plasticity and heterogeneity depend on the

microenvironment (113, 114). TAMs can be classified into anti-

tumor type M1 and tumor-promoting type M2. Recently, CD169+

tissue-resident macrophages were reported to promote early

dissemination of MM by secreting IL-6 and TNF-a (115, 116).

M2-type components can promote MM proliferation, survival,

angiogenesis, as well as immunosuppression, and drug tolerance

(117–122). Mechanically, TAMs interact with bone marrow stromal

cells(BMSCs) to acquire the function of secreting IL-6 and IL-10,

poorly secreting IL-12 and TNF-a, which are suitable for tumor

growth (123). In addition, TAMs are not only a rich source of pro-

angiogenic cytokines and growth factors’ production such as

vascular endothelial growth factor(VEGF), TNF-a, IL-8, and

fibroblast growth factor 2(FGF-2), but also assume a vascular

endothelial cell-like phenotype after structural activation by

VEGF and an essential fibroblast growth factor (bFGF) through “

angiogenic mimicry” contribution to the myeloma vascular network

(124). Unlike healthy tissue, macrophages from MM patients

cannot phagocytose tumor cells, deliver antigens, and stimulate

adaptive immune responses (125, 126). Notably, in MM the

expression of IL-10 by TMAs inhibits the activation of cytotoxic

T cells and downregulates the expression of crucial cytotoxic T cell

factors, including granzyme B and IFN-g (125–128). Anti-CD47

antibodies have now been found to significantly enhance the ability

of macrophages to phagocytose human MM cell lines in vitro (129).

Finally, TAMs protect myeloma cell lines and primary myeloma

cells from spontaneous and chemotherapeutic drug-induced

apoptosis by attenuating caspase-dependent activation and

cleavage of apoptotic signals as well as P-selectin glycoprotein

ligand 1(PSGL-1)/selectins and intercellular adhesion molecule 1

(ICAM-1)/CD18, a pattern of cell-cell contact (117, 130).

Macrophage treatments are in infancy, aiming for removing and

reprogramming of these invalid TAMs. Wang et al. showed that

MM tumor load was significantly reduced in vivo after removing

macrophages in optimally selected transgenic mice (126). Similarly,

the IKAROS family zinc finger 1 (IKZF1)- interferon regulatory

factor 4(IRF4)/interferon regulatory factor 5(IRF5) axis and the

Regulator of G Protein Signaling 12 (RGS12) protein induce

myeloma-associated macrophage phenotype switch and

functionally skew towards the M1 phenotype, thereby resulting in

inhibition of MM growth (131, 132). These results suggest that

targeting IKZF1 and RGS12 may provide a novel strategy for

reprogramming myeloma-associated macrophages for better MM

treatment (133, 134). Moreover, cellular inhibitors of apoptosis

proteins (cIAP) 1 and cIAP 2 are amplified in approximately 3% of

cancers, rendering them potential therapeutic targets across various

malignancies. Small molecule IAP antagonists, such as LCL161,

have entered clinical trials due to their capacity to induce TNF-

mediated cancer cell apoptosis. Remarkably, we observed robust in
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vivo anti-myeloma activity of LCL161 in a transgenic mouse model

of bone marrow cancer and RRMM patients. This effect was not

solely attributed to direct induction of tumor cell death but rather

stemmed from the upregulation of interferon(IFN) signaling by the

tumor cells themselves, leading to potent inflammatory responses

that activated macrophages and resulted in phagocytosis of the

tumor cells. Treatment with LCL161 conferred long-term

protection against tumors in the mouse model and induced

regression of tumors in select mice. These findings underscore the

profound preclinical anti-myeloma effects exerted by LCL161 (135).

3.2.4 Tumor microenvironment
Tumor microenvironment(TME) is a sophisticated network

containing hematopoietic or mesenchymal origin cells, extracellular

matrix(ECM), and chemokines, growth factors as well as other

soluble molecules, which are produced or influenced by the

intercellular compartments (136). TME plays an important role in

MM development and progression, triggering bone destruction,

angiogenesis, immunosuppression, and drug resistance through

cell-cell interactions and soluble molecules (137). (Figure 4) For

example, osteoprotegerin (OPG) and its ligand (OPGL) are main

factors in bone resorption. OPGL stimulates osteoclast differentiation

and activation, whereas OPG inhibits these processes. The experts

found that myeloma cells react with bone marrow stromal cells in a

cell-to-cell interaction, resulting in overexpression of OPGL and

downregulation of OPG expression in myeloma patients, which is

in turn involved in the pathogenesis of MM-induced bone disease

(138). In addition, the chemokine macrophage inflammatory

protein-1a (MIP-1a) also promotes osteolytic lesions’ development

(139). The process of angiogenesis is primarily triggered by factors
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released by bone marrow stromal cells and myeloma cells. Among

them, vascular endothelial growth factor(VEGF) is the mainmolecule

that promotes angiogenesis (140, 141). VEGF-a is an important

isoform of VEGF because its receptor VRGFR2 is overexpressed on

endothelial and plasma cells of patients with MM (142, 143). They

interact with each other to induce not only VEGF but also other pro-

angiogenic factors such as basic fibroblast growth factor(FGF-b),
TGF-b (144). Among the soluble molecules, IL-6 is the most

important cytokine involved in the pathogenesis and disease

progression of MM. It was reported that IL-6 promoted myeloma

proliferation, prevented cells from apoptosis, enhanced bone

destruction, most importantly, triggered immunosuppression (45,

145, 146). The immunosuppressive effect is mainly reflected in that

IL-6 can reduce the ability of DC cells to present specific antigens to

autologous T cells, thus inhibiting T activation (105). Recent evidence

suggested that several other molecules, including HGF, membrane-

bound mucin glycoprotein (Muc-1), indoleamine 2,3-dioxygenase

(IDO), as well as soluble primary histocompatibility complex class I

-related chain A (sMICA), can also be found in the tumor

microenvironment. High levels of hepatocyte growth factor (HGF)

in the serum and bone marrow of MM patients correlate with a poor

prognosis and HGF also indirectly inhibits antigen-induced T-cell

activation (147, 148). Meanwhile, the membrane-bound mucin

glycoprotein (Muc-1), indoleamine 2,3-dioxygenase (IDO) and

soluble primary histocompatibility complex class I -related chain A

(sMICA) suppress innate and adaptive immunity and play an

essential role in tumor prognosis (149–151). Drug-resistance

induced by the microenvironment can be seen as the sum of

resistance caused by direct cell adhesion(CAM-DR) and resistance

caused by soluble molecules(SM-DR) (152). As for SM-DR, both
FIGURE 4

The tumor microenvironment (TME) mediated tumor immune evasion for MM promotion and progression. TME comprises hematopoietic cells,
stromal cells, and extracellular matrix components, which interact with multiple myeloma to facilitate its survival and progression. As illustrated In
Image, the tumor microenvironment promotes tumor immune evasion through two mechanisms: cell-cell interactions and long-distance effects
mediated by released soluble factors. Through cellular interactions, tumor cells engage with endothelial cells, plasma cells, osteoclasts, bone
marrow stromal cells, and extracellular matrix components to enhance tumor angiogenesis, induce bone damage, suppress immunity, and foster
drug resistance. Similarly, soluble factors in the microenvironment such as MIP-1a (macrophage inflammatory protein), VEGF (vascular endothelial
growth factor), FGF-b (fibroblast growth factor-beta), TGF-b (transforming growth factor-beta), IL-6 (interleukin-6), BAFF (B-cell activating factor
belonging to the TNF family), and HGF (hepatocyte growth factor) also exert similar roles. Created with Biorender.com.
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TNF superfamily members BAFF (B cell-activating factor of the TNF

family) and APRIL (a proliferation-inducing ligand) stimulate the

survival of tumor cells, thus conferring their role in drug resistance

(153). Besides, it is confirmed that high levels of IGF-1 cytokine are

associated with bortezomib resistance (154). Compared with SM-DR,

CAM-DR is more important (155). MM connects to the extracellular

matrix through activated VLA-4(known as integrin a4b1), while
VLA-4 binds to fibronectin to stimulate NF-kB signaling pathway

activation, promoting pro-survival signaling and CAM-DR (156–

158). Emerging reports have shown that solid interactions between

clonal plasma cells and the surrounding bone marrow

microenvironment contribute to the pathophysiology of MM.

Based on these resistance strategies identified in MM, one can have

the rationale for the preclinical evaluation of new therapeutic

approaches to target MM clones and the BM environments for

better suppression and prevention of MM disease progression (159).
4 Microbiota mechanism

The microbiota plays an essential role in maintain the immune

homeostasis, dysfunction of which can cause different types of

diseases all the time. More attention is being paid to the

complexity of host-microbial interactions. Recently, emerging

evidence of a potential association between the microbiota and

multiple myeloma has been reported. (Figure 5) Symbiotic

microorganisms can not only influence local immunity through

metabolites and interaction with innate immune cells, but also

influence immune cells outside the gut to regulate systemic immune

(17).Despite great efforts paid to understand the immune escape of

MM, little is known about the microbiota as a novel risk mechanism
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(160).Here we discuss the effects of microbial metabolites such as

short-chain fatty acids(SCFA), L-glutamine, microbiota mediated

stimulation of immune cells for MM escape and the investigations

of microbial-mediated drug resistance mechanisms in MM. Deep

understanding of the microbiota can help to illustrate-some existing

drug resistance.
4.1 Short-chain fatty acids

Short-chain fatty acids(SCFAs) are bacterial compounds

responsible for ion uptake, intestinal motility, and regulation of

the immune response. SCFAs can trigger nuclear factor-kappa B

(NF-kB) activation and pro-inflammatory cytokines production,

including IL-6 and TNF-a, contribute to Th17 cell differentiation.

Conversely, SCFAs may also elevate IL-10 levels and induce FoxP3

expression, leading to the differentiation of CD4+ T cells into

immunosuppressive types (Treg) (161, 162). Researchers found

that butyrate, an SCFA produced by Eubacterium halii or

Faecalibacterium prausnitzii, was associated with negative

microscopic residual lesions following the treatment of myeloma

(163) Close correlation of SCFA with MM treatment is a biomarker

of progression-free survival, suggesting a link between microbial

traits and patient outcomes (163).
4.2 L-glutamine

Jian et al. reported that opportunistic nitrogen-cycling bacteria

like Klebsiella and Streptococcus enriched the intestinal flora of MM

patients. MM cells likely utilized the host intestinal microbiota as
FIGURE 5

Evasion strategies of MM mediated by the microbiota. Mechanically, the microbiota facilitates the release of short-chain fatty acids (SCFA), which
subsequently stimulates the production of interleukin-6 (IL-6) and interleukin-10 (IL-10). This activation further triggers the nuclear factor kappa B
(NK-kB) signaling pathway activation and induces Foxp3 expression as well as differentiation of Th17 cells, thereby establishing a tumor
microenvironment. Meanwhile, as NH4+ scavengers, microbiota can utilize NH4+ to generate L-glutamine that promotes the growth of multiple
myeloma. Simultaneously, gut-resident Th17 cells migrate to the bone marrow and secrete cytokines such as IL-17 and IL-6, leading to bone
destruction and accelerating disease progression of multiple myeloma. Moreover, gut microbiota can modify drug-metabolizing enzymes, which in
turn affects treatment responses by promoting the development of drug resistance in multiple myeloma. Created with Biorender.com.
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NH4+ recyclers to produce the L-glutamine for tumor growth. This

finding also justifies the possibility of using fluoro glutamine as a

PET tracer in MM (160, 164).
4.3 Th17 cells

The imbalanced crosstalk between host and gut flora will lead to

immune hyperactivation and Th17 cell amplification. According to

the published data using the transgenic Vk*MYC mice, Prevotella

heparinolytica was proven to promote the development of Th17

cells, which then colonized in the gut and migrated into the bone

marrow, advanced MM from asymptomatic to symptomatic form,

thereby accelerating the course of MM. The absence of IL-17 or

disruption of the microbiome in Vk*MYC mice delayed the

progression of MM (165–167). Moreover, treatment of Vk*MYC

mice with antibodies against IL-17, IL-17RA, and IL-5 reduced the

aggregation of Th17 cells and eosinophils in the bone marrow,

which in turn prevented the MM progression (167).
4.4 Enzymatic modifications and integrality

Gut microbiota can positively or negatively affect the efficacy of

some anti-cancer agents in vivo or in vitro (Table 1), mostly by

enzymatic modifications (173). For example, the cytotoxicity of

cladribine, gemcitabine, as well as anti-cancer antibiotics (such as

doxorubicin) was reduced by bacteria through enzymatic

modifications of these drugs. On the contrary, after the enzymatic

modification, the cytotoxicity of fludarabine and 6-mercaptopurine

was increased (168). Meanwhile, effective drug response also

requires a complete microbiota. An in vivo murine model

confirmed that cyclophosphamide is an important agent for the

treatment of hematologic malignancies. In this model, authors

showed that cyclophosphamide, by altering the composition of

the microbiota in the small intestine and inducing the

translocation of selected species of Gram+ bacteria to secondary

lymphoid organs, stimulated the production of a specific
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“pathogenic” T-helper 17 (pTh17) cell subset and Th1 immune

responses. These modified T-cell responses in turn efficiently

controlled tumor growth. However, when these Gram+ bacteria

were treated by antibiotics, tumor-bearing mice showed reduced

pTh17 responses, thereby tumors became resistant to

cyclophosphamide. The antitumor effect of cyclophosphamide

was partially restored by the adoptive transfer of pTh17 cells

(169). These results suggest that intact microbial populations to

some extent can reduce drug resistance.
5 Conclusion and perspectives

Multiple myeloma (MM) is a malignant tumor developed from

the progressive growth and proliferation of clonal transformed

plasma cells (PCs) present in the bone marrow (BM). In order to

survive, MM evolved different strategies for immune escape and

drug resistance. As reviewed in the work, the intrinsic and extrinsic

mechanisms as well as recently discovered microbiota typical

mechanisms were utilized for MM initiation and progression. As

for the intrinsic mechanism, MM sustains a balance between disease

dormancy and progression through immune editing, undergoing

genetic mutations that facilitate clonal evolution to evade the

immune system under selective pressure. Additionally, MM

generates an immunosuppressive tumor microenvironment

(TME) externally, leading to an upsurge in the population of

tumor-suppressive cells, including TAMs, Tregs, Bregs, and

MDSCs. This, in turn, results in a decline of effector cytotoxic

cells, concomitant with weakened humoral and cytotoxic immunity.

Microbiota presents a novel approach that alters the immune

microenvironment through its metabolites, such as short-chain

fatty acids (SCFAs) and L-glutamine, interacting with Th17 cells

to prompt their expansion and potentiate anti-tumor immune

functions. Furthermore, the gut microbiota can contribute to drug

resistance by modifying enzymes, resulting in refractory and relapse

cases in patients with multiple myeloma.

Despite the significant advancements in multiple myeloma

management achieved through the utilization of treatment
TABLE 1 Effects of microbiota on anti-cancer agents.

ANTI-CANCER DRUGS MICROBIOTA OVERCOME MECHANISM

Cladribine,gemcitabine,doxorubicin,Idarubicin,
etoposide, mitoxantrone

E. Coli or L. welshimeri (168)
Decreased
efficacy

Enzymatic modification

Fludarabine, 6-Mercaptopurine E. coli (168)
Enhanced
efficacy

Cyclophosphamide

Lactobacillus species,Segmented
filamentous bacteria (169)

Enhanced
efficacy

Promoted Th17 and Th1 cell response

Enterococcus hirae,Barnesiella
intestinihominis (170)

Enhanced
efficacy

increased CD8/Treg ratio and infiltration of
interferon-g-producing gd T cells

Oxaliplatin Fusobacterium nucleatum (171)
Decreased
efficacy

Modulation autophagy pathway and inhibit tumor
cell apoptosis

PD-1/PD-L1 inhibitor
F. prausnitzii

A. muciniphila (172).
Enhanced
efficacy

SCFAs boost CD8+ T cell effector functions
by modifying their cellular metabolism
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options to address immune evasion, a state of equilibrium is

reached between residual disease and the host immune system.

This equilibrium leads to either sustained remission or disease

relapse. The convergent evolution leading to antigen escape

represents a pivotal mechanism for clinical relapse in multiple

myeloma (MM). Recent studies have demonstrated that

immunotherapies targeting BCMA and GPRC5D can dynamically

reshape the antigenicity and clonal landscape of MM cells, reflecting

immune editing under targeted immune pressure. Clones harboring

extracellular domain mutations in BCMA or GPRC5D may exhibit

a higher frequency under longitudinal therapeutic selection

pressure from repeated T cell engagers (TCEs) administration

compared to chimeric antigen receptor–expressing T cells (CAR

T cells) therapy (which is administered only once). These findings

challenge the prevailing notion that post-treatment loss of BCMA

antigen is infrequent and underscore the intricate mechanisms of

antigen escape beyond TNFRSF17 allelic loss.

Typically, the progression from MGUS to MM is exceptionally

complex, with intra-tumoral heterogeneity accompanying the entire

process. To date, the majority of studies have predominantly

employed RRMM as the primary approach, however, it remains

uncertain whether patients will derive benefits from early-stage

intervention strategies. Furthermore, the presence of mutant

variants may differentially influence the response to currently

approved or investigational TCE and CAR T-cell therapies.

Therefore, future research should prioritize the utilization of

longitudinal MM cell sequencing findings to facilitate the

development and selection of targeted immunotherapy. Moreover,

elucidating potential oncogenic dependency or molecular

predisposition resulting from TNFRSF17 mutations or deletions

would enable the optimization of early-stage strategies for immune

therapy selection.
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40. San Miguel JF, González M, Gascón A, Moro J, Hernández JM, Ortega F, et al.
Lymphoid subsets and prognostic factors in multiple myeloma. Cooperative Group for
the Study of Monoclonal Gammopathies. Br J Haematol (1992) 80:305–9. doi: 10.1111/
j.1365-2141.1992.tb08137.x

41. Gu Y, Jin YY, Ding J, Wu YJ, Shi QL, Qu XY, et al. Low absolute CD4(+) T cell
counts in peripheral blood predict poor prognosis in patients with newly diagnosed
Frontiers in Immunology 12
mult ip l e mye loma . Leuk Lymph (2020) 61 :1869–76 . do i : 10 .1080/
10428194.2020.1751840

42. Wang B, Rajeeve S, Madduri D. Chimeric antigen receptor T-cell therapeutics
for multiple myeloma moving into the spotlight. Cancer J (2021) 27:205–12.
doi: 10.1097/ppo.0000000000000525

43. Guillerey C, Nakamura K, Vuckovic S, Hill GR, Smyth MJ. Immune responses in
multiple myeloma: role of the natural immune surveillance and potential of
immunotherapies. Cell Mol Life Sci (2016) 73:1569–89. doi: 10.1007/s00018-016-
2135-z

44. Prabhala RH, Pelluru D, Fulciniti M, Prabhala HK, Nanjappa P, Song W, et al.
Elevated IL-17 produced by TH17 cells promotes myeloma cell growth and inhibits
immune function in multiple myeloma. Blood (2010) 115:5385–92. doi: 10.1182/blood-
2009-10-246660

45. Noonan K, Marchionni L, Anderson J, Pardoll D, Roodman GD, Borrello I, et al.
A novel role of IL-17-producing lymphocytes in mediating lytic bone disease in
multiple myeloma. Blood (2010) 116:3554–63. doi: 10.1182/blood-2010-05-283895

46. Di Lullo G, Marcatti M, Heltai S, Brunetto E, Tresoldi C, Bondanza A, et al. Th22
cells increase in poor prognosis multiple myeloma and promote tumor cell growth and
survival. Oncoimmunology (2015) 4:e1005460. doi: 10.1080/2162402X.2015.1005460

47. Beyer M, Kochanek M, Giese T, Endl E, Weihrauch MR, Knolle PA, et al. In vivo
peripheral expansion of naive CD4(+)CD25(high) FoxP3(+) regulatory T cells in
patients with multiple myeloma. Blood (2006) 107:3940–9. doi: 10.1182/blood-2005-
09-3671

48. Giannopoulos K, Kaminska W, Hus I, Dmoszynska A. The frequency of T
regulatory cells modulates the survival of multiple myeloma patients: detailed
characterisation of immune status in multiple myeloma. Br J Cancer (2012) 106:546–
52. doi: 10.1038/bjc.2011.575

49. Vignali DAA, Collison LW, Workman CJ. How regulatory T cells work. Nat Rev
Immunol (2008) 8:523–32. doi: 10.1038/nri2343

50. Shevach EM. From vanilla to 28 flavors: multiple varieties of T regulatory cells.
Immunity (2006) 25:195–201. doi: 10.1016/j.immuni.2006.08.003

51. Takahashi T. Immunologic self-tolerance maintained by CD25+CD4+ naturally
anergic and suppressive T cells: induction of autoimmune disease by breaking their
anergic/suppressive state. Internat Immunol (1998) 10:1969–80. doi: 10.1093/intimm/
10.12.1969

52. Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T cells suppress
polyclonal T cell activation in vitro by inhibiting interleukin 2 production. J Exp Med
(1998) 188:287–96. doi: 10.1084/jem.188.2.287

53. Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, et al.
Modulation of tryptophan catabolism by regulatory T cells. Nat Immunol (2003)
4:1206–12. doi: 10.1038/ni1003

54. Mellor AL, Munn DH. IDO expression by dendritic cells: tolerance and
tryptophan catabolism. Nat Rev Immunol (2004) 4:762–74. doi: 10.1038/nri1457

55. Baecher-Allan C, Wolf E, Hafler DA. MHC class II expression identifies
functionally distinct human regulatory T cells. J Immunol (2006) 176:4622–31.
doi: 10.4049/jimmunol.176.8.4622

56. Liang B. Regulatory T Cells Inhibit Dendritic Cells by Lymphocyte Activation
Gene-3 Engagement of MHC Class II. 630 West 168th Street, New York, NY 10032,
USA: Departments of Microbiology, Pharmacology and Medicine, College of
Physicians and Surgeons, Columbia University. (2006).

57. Brown R, Kabani K, Favaloro J, Yang S, Ho PJ, Gibson J, et al. CD86+ or HLA-G
+ can be transferred via trogocytosis from myeloma cells to T cells and are associated
with poor prognosis. Blood (2012) 120:2055–63. doi: 10.1182/blood-2012-03-416792

58. Dahlhoff J, Manz H, Steinfatt T, Delgado-Tascon J, Seebacher E, Schneider T,
et al. Transient regulatory T-cell targeting triggers immune control of multiple
myeloma and prevents disease progression. Leukemia (2022) 36:790–800.
doi: 10.1038/s41375-021-01422-y

59. Awwad MHS, Mahmoud A, Bruns H, Echchannaoui H, Kriegsmann K, Lutz R,
et al. Selective elimination of immunosuppressive T cells in patients with multiple
myeloma. Leukemia. (2021) 35:2602–15. doi: 10.1038/s41375-021-01172-x

60. Joshua DE, Vuckovic S, Favaloro J, Lau KHA, Yang S, Bryant CE, et al. Treg and
oligoclonal expansion of terminal effector CD8(+) T cell as key players in multiple
myeloma. Front Immunol (2021) 12:620596. doi: 10.3389/fimmu.2021.620596

61. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, and function.
Immunity (2015) 42:607–12. doi: 10.1016/j.immuni.2015.04.005

62. Bartosinska J, Purkot J, Karczmarczyk A, Chojnacki M, Zaleska J, Własiuk P,
et al. Differential function of a novel population of the CD19+CD24hiCD38hi bregs in
psoriasis and multiple myeloma. Cells (2021) 10(2). doi: 10.3390/cells10020411

63. Fabian Flores-Borja AB, Ng D, Reddy V, Ehrenstein MR, Isenberg DA, Mauri C.
CD19+CD24hiCD38hi B cells maintain regulatory T cells while limiting TH1 and
TH17 differentiation. Sci Translational Med (2013) 5:173ra23. doi: 10.1126/
scitranslmed.3005407

64. Blair PA, Noreña LY, Flores-Borja F, Rawlings DJ, Isenberg DA, Ehrenstein MR,
et al. CD19(+)CD24(hi)CD38(hi) B cells exhibit regulatory capacity in healthy
individuals but are functionally impaired in systemic lupus erythematosus patients.
Immunity (2010) 32:129–40. doi: 10.1016/j.immuni.2009.11.009

65. Sarvaria A, Madrigal JA, Saudemont A. B cell regulation in cancer and anti-
tumor immunity. Cell Mol Immunol (2017) 14:662–74. doi: 10.1038/cmi.2017.35
frontiersin.org

https://doi.org/10.1126/science.1203486
https://doi.org/10.1126/science.1203486
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1146/annurev-immunol-031210-101324
https://doi.org/10.1038/nature06309
https://doi.org/10.1182/blood-2016-09-692954
https://doi.org/10.1182/blood-2016-09-692954
https://doi.org/10.1038/nm.4202
https://doi.org/10.1182/blood-2015-03-632919
https://doi.org/10.1182/blood-2015-03-632919
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1038/s41591-021-01245-5
https://doi.org/10.1038/s41467-021-21177-5
https://doi.org/10.1200/jco.22.01824
https://doi.org/10.1016/j.clml.2016.02.037
https://doi.org/10.1046/j.1365-2141.1997.2173032.x
https://doi.org/10.1182/blood-2009-06-228676
https://doi.org/10.1182/blood-2009-06-228676
https://doi.org/10.1038/leu.2013.199
https://doi.org/10.1182/blood.V100.4.1417.h81602001417_1417_1424
https://doi.org/10.1016/S1470-2045(21)00726-9
https://doi.org/10.4049/jimmunol.1303242
https://doi.org/10.4049/jimmunol.1303242
https://doi.org/10.1182/blood-2018-03-840132
https://doi.org/10.1038/nrc.2017.63
https://doi.org/10.1158/1078-0432.CCR-19-2111
https://doi.org/10.1182/blood.V87.8.3297.bloodjournal8783297
https://doi.org/10.1046/j.1365-2141.2001.02871.x
https://doi.org/10.1111/j.1365-2141.1992.tb08137.x
https://doi.org/10.1111/j.1365-2141.1992.tb08137.x
https://doi.org/10.1080/10428194.2020.1751840
https://doi.org/10.1080/10428194.2020.1751840
https://doi.org/10.1097/ppo.0000000000000525
https://doi.org/10.1007/s00018-016-2135-z
https://doi.org/10.1007/s00018-016-2135-z
https://doi.org/10.1182/blood-2009-10-246660
https://doi.org/10.1182/blood-2009-10-246660
https://doi.org/10.1182/blood-2010-05-283895
https://doi.org/10.1080/2162402X.2015.1005460
https://doi.org/10.1182/blood-2005-09-3671
https://doi.org/10.1182/blood-2005-09-3671
https://doi.org/10.1038/bjc.2011.575
https://doi.org/10.1038/nri2343
https://doi.org/10.1016/j.immuni.2006.08.003
https://doi.org/10.1093/intimm/10.12.1969
https://doi.org/10.1093/intimm/10.12.1969
https://doi.org/10.1084/jem.188.2.287
https://doi.org/10.1038/ni1003
https://doi.org/10.1038/nri1457
https://doi.org/10.4049/jimmunol.176.8.4622
https://doi.org/10.1182/blood-2012-03-416792
https://doi.org/10.1038/s41375-021-01422-y
https://doi.org/10.1038/s41375-021-01172-x
https://doi.org/10.3389/fimmu.2021.620596
https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.3390/cells10020411
https://doi.org/10.1126/scitranslmed.3005407
https://doi.org/10.1126/scitranslmed.3005407
https://doi.org/10.1016/j.immuni.2009.11.009
https://doi.org/10.1038/cmi.2017.35
https://doi.org/10.3389/fimmu.2024.1346211
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1346211
66. Olkhanud PB, Damdinsuren B, Bodogai M, Gress RE, Sen R, Wejksza K, et al.
Tumor-evoked regulatory B cells promote breast cancer metastasis by converting
resting CD4(+) T cells to T-regulatory cells. Cancer Res (2011) 71:3505–15.
doi: 10.1158/0008-5472.CAN-10-4316

67. Olkhanud PB, Rochman Y, Bodogai M, Malchinkhuu E, Wejksza K, Xu M, et al.
Thymic stromal lymphopoietin is a key mediator of breast cancer progression.
J Immunol (2011) 186:5656–62. doi: 10.4049/jimmunol.1100463

68. Menard C, Blay J-V, Borg C, Michiels S, Ghiringhelli F, Robert C, et al. Natural
killer cell IFN-gamma levels predict long-term survival with imatinib mesylate therapy
in gastrointestinal stromal tumor-bearing patients. Cancer Res (2009) 69:3563–9.
doi: 10.1158/0008-5472.CAN-08-3807

69. Vivier E, Tomasello E, Baratin M,Walzer T, Ugolini S. Functions of natural killer
cells. Nat Immunol (2008) 9:503–10. doi: 10.1038/ni1582

70. Smyth MJ, Cretney E, Kelly JM, Westwood JA, Street SEA, Yagita H, et al.
Activation of NK cell cytotoxicity. Mol Immunol (2005) 42:501–10. doi: 10.1016/
j.molimm.2004.07.034

71. Avigan D, Hari P, Battiwalla M, Bishop MR, Giralt SA, Hardy NM, et al.
Proceedings from the National Cancer Institute's Second International Workshop on
the Biology, Prevention, and Treatment of Relapse after Hematopoietic Stem Cell
Transplantation: part II. Autologous Transplantation-novel agents and
immunomodulatory strategies. Biol Blood Marrow Transplant (2013) 19:1661–9.
doi: 10.1016/j.bbmt.2013.08.011

72. Frohn C, Höppner M, Schlenke P, Kirchner H, Koritke P, Luhm J, et al. Anti-
myeloma activity of natural killer lymphocytes. Br J Haematol (2002) 119:660–4.
doi: 10.1046/j.1365-2141.2002.03879.x

73. Vivier E, Ugolini S, Blaise D, Chabannon C, Brossay L. Targeting natural killer
cells and natural killer T cells in cancer. Nat Rev Immunol (2012) 12:239–52.
doi: 10.1038/nri3174

74. Costello RT, Boehrer A, Sanchez C, Mercier D, Baier C, Le Treut T, et al.
Differential expression of natural killer cell activating receptors in blood versus bone
marrow in patients with monoclonal gammopathy. Immunology (2013) 139:338–41.
doi: 10.1111/imm.12082

75. Lagrue K, Carisey A, Morgan DJ, Chopra R, Davis DM. Lenalidomide augments
actin remodeling and lowers NK-cell activation thresholds. Blood (2015) 126:50–60.
doi: 10.1182/blood-2015-01-625004

76. Benson DM Jr, Hofmeister CC, Padmanabhan S, Suvannasankha A, Jagannath S,
Abonour R, et al. A phase 1 trial of the anti-KIR antibody IPH2101 in patients with
relapsed/refractory multiple myeloma. Blood (2012) 120:4324–33. doi: 10.1182/blood-
2012-06-438028

77. Hoteit R, Bazarbachi A, Antar A, Salem Z, Shammaa D, Mahfouz R, et al. KIR
genotype distribution among patients with multiple myeloma: Higher prevalence of
KIR 2DS4 and KIR 2DS5 genes. Meta Gene (2014) 2:730–6. doi: 10.1016/
j.mgene.2014.09.008

78. Shi J, Tricot GJ, Garg TK, Malaviarachchi PA, Szmania SM, Kellum RE, et al.
Bortezomib down-regulates the cell-surface expression of HLA class I and enhances
natural killer cell-mediated lysis of myeloma. Blood (2008) 111:1309–17. doi: 10.1182/
blood-2007-03-078535

79. Yang G, Gao M, Zhang Y, Kong Y, Gao L, Tao Y, et al. Carfilzomib enhances
natural killer cell-mediated lysis of myeloma linked with decreasing expression of HLA
class I. Oncotarget (2015) 6:26982–94. doi: 10.18632/oncotarget.4831

80. Benson DMJr., Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell B, et al.
The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma effect: a
therapeutic target for CT-011, a novel monoclonal anti-PD-1 antibody. Blood (2010)
116:2286–94. doi: 10.1182/blood-2010-02-271874

81. Morvan MG, Lanier LL. NK cells and cancer: you can teach innate cells new
tricks. Nat Rev Cancer (2016) 16:7–19. doi: 10.1038/nrc.2015.5

82. Fionda C, Soriani A, Zingoni A, Santoni A, Cippitelli M. NKG2D and
DNAM-1 ligands: molecular targets for NK cell-mediated immunotherapeutic
intervention in multiple myeloma. BioMed Res Int (2015) 2015:9. doi: 10.1155/2015/
178698

83. Jinushi M, Vanneman M, Munshi NC, Tai Y-T, Prabhala RH, Ritz J, et al. MHC
class I chain-related protein A antibodies and shedding are associated with the
progression of multiple myeloma. Proc Natl Acad Sci U.S.A (2008) 105:1285–90.
doi: 10.1073/pnas.0711293105

84. Ponzetta A, Benigni G, Antonangeli F, Sciumè G, Sanseviero E, Zingoni A, et al.
Multiple myeloma impairs bone marrow localization of effector natural killer cells by
altering the chemokine microenvironment. Cancer Res (2015) 75:4766–77.
doi: 10.1158/0008-5472.CAN-15-1320

85. Holstein SA, McCarthy PL. Immunomodulatory drugs in multiple myeloma:
mechanisms of action and clinical experience. Drugs (2017) 77:505–20. doi: 10.1007/
s40265-017-0689-1

86. Veglia F, Sanseviero E, Gabrilovich DI. Myeloid-derived suppressor cells in the
era of increasing myeloid cell diversity. Nat Rev Immunol (2021) 21:485–98.
doi: 10.1038/s41577-020-00490-y

87. Talmadge JE, Gabrilovich DI. History of myeloid-derived suppressor cells. Nat
Rev Cancer (2013) 13:739–U779. doi: 10.1038/nrc3581

88. Gorgun GT, Whitehill G, Anderson JL, Hideshima T, Maguire C, Laubach J,
et al. Tumor-promoting immune-suppressive myeloid-derived suppressor cells in the
Frontiers in Immunology 13
multiple myeloma microenvironment in humans. Blood (2013) 121:2975–87.
doi: 10.1182/blood-2012-08-448548

89. Ai L, Mu S, Sun C, Fan F, Yan H, Qin Y, et al. Myeloid-derived suppressor cells
endow stem-like qualities to multiple myeloma cells by inducing piRNA-823
expression and DNMT3B activation. Mol Cancer (2019) 18:88. doi: 10.1186/s12943-
019-1011-5

90. De Veirman K, Menu E, Maes K, De Beule N, De Smedt E, Maes A, et al.
Myeloid-derived suppressor cells induce multiple myeloma cell survival by activating
the AMPK pathway. Cancer Lett (2019) 442:233–41. doi: 10.1016/j.canlet.2018.11.002

91. De Veirman K, De Beule N, Maes K, Menu E, De Bruyne E, De Raeve H, et al.
Extracellular S100A9 protein in bone marrow supports multiple myeloma survival by
stimulating angiogenesis and cytokine secretion. Cancer Immunol Res (2017) 5:839–46.
doi: 10.1158/2326-6066.CIR-17-0192

92. Meng L, Tang Q, Zhao J, Wang Z, Wei L, Wei Q, et al. S100A9 derived from
myeloma associated myeloid cells promotes TNFSF13B/TNFRSF13B-dependent
proliferation and survival of myeloma cells. Front Oncol (2021) 11:691705.
doi: 10.3389/fonc.2021.691705

93. Grzywa TM, Sosnowska A, Matryba P, Rydzynska Z, Jasinski M, Nowis D, et al.
Myeloid cell-derived arginase in cancer immune response. Front Immunol (2020)
11:938. doi: 10.3389/fimmu.2020.00938

94. Van Valckenborgh E, Schouppe E, Movahedi K, De Bruyne E, Menu E, De
Baetselier P, et al. Multiple myeloma induces the immunosuppressive capacity of
distinct myeloid-derived suppressor cell subpopulations in the bone marrow. Leukemia
(2012) 26:2424–8. doi: 10.1038/leu.2012.113

95. Ramji K, Grzywa TM, Sosnowska A, Paterek A, Okninska M, Pilch Z, et al. Targeting
arginase-1 exerts antitumor effects in multiple myeloma and mitigates bortezomib-induced
cardiotoxicity. Sci Rep (2022) 12:19660. doi: 10.1038/s41598-022-24137-1

96. Kuwahara-Ota S, Shimura Y, Steinebach C, Isa R, Yamaguchi J, Nishiyama D,
et al. Lenalidomide and pomalidomide potently interfere with induction of myeloid-
derived suppressor cells in multiple myeloma. Br J Haematol (2020) 191:784–95.
doi: 10.1111/bjh.16881

97. Malek E, de Lima M, Letterio JJ, Kim B-G, Finke JH, Driscoll JJ, et al. Myeloid-
derived suppressor cells: The green light for myeloma immune escape. Blood Rev (2016)
30:341–8. doi: 10.1016/j.blre.2016.04.002

98. Krejcik J, Casneuf T, Nijhof IS, Verbist B, Bald J, Plesner T, et al. Daratumumab
depletes CD38+ immune regulatory cells, promotes T-cell expansion, and skews T-cell
repertoire in multiple myeloma. Blood (2016) 128:384–94. doi: 10.1182/blood-2015-12-
687749

99. Horenstein AL, Bracci C, Morandi F, Malavasi F. CD38 in adenosinergic
pathways and metabolic re-programming in human multiple myeloma cells: in-
tandem insights from basic science to therapy. Front Immunol (2019) 10:760.
doi: 10.3389/fimmu.2019.00760

100. Lee-Chang C, Rashidi A, Miska J, Zhang P, Pituch KC, Hou D, et al. Myeloid-
Derived Suppressive Cells Promote B cell-Mediated Immunosuppression via Transfer
of PD-L1 in Glioblastoma. Cancer Immunol Res (2019) 7:1928–43. doi: 10.1158/2326-
6066.CIR-19-0240

101. Liu M, Wei F, Wang J, Yu W, Shen M, Liu T, et al. Myeloid-derived suppressor
cells regulate the immunosuppressive functions of PD-1-PD-L1+ Bregs through PD-L1/
PI3K/AKT/NF-kB axis in breast cancer. Cell Death Dis (2021) 12:15. doi: 10.1038/
s41419-021-03745-1

102. Lewinsky H, Gunes EG, David K, Radomir L, Kramer MP, Pellegrino B, et al.
CD84 is a regulator of the immunosuppressive microenvironment in multiple
myeloma. JCI Insight (2021) 6:25. doi: 10.1172/jci.insight.141683

103. Lim JY, Kim T-W, Ryu D-B, Park S-S, Lee S-E, Kim B-S, et al. Myeloma-
secreted galectin-1 potently interacts with CD304 on monocytic myeloid-derived
suppressor cells. Cancer Immunol Res (2021) 9:503–13. doi: 10.1158/2326-6066.CIR-
20-0663

104. Verheye E, Melgar JB, Deschoemaeker S, Raes G, Maes A, De Bruyne E, et al.
Dendritic cell-based immunotherapy in multiple myeloma: challenges, opportunities,
and future directions. Int J Mol Sci (2022) 23(2). doi: 10.3390/ijms23020904

105. Ratta M, Fagnoni F, Curti A, Vescovini R, Sansoni P, Oliviero B, et al. Dendritic
cells are functionally defective in multiple myeloma: Role of interleukin-6. Blood.
(2001) 98:155A–A. doi: 10.1182/blood.V100.1.230

106. Leone P, Berardi S, Frassanito MA, Ria R, De Re V, Cicco S, 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) 126:1443–51. doi: 10.1182/blood-2015-
01-623975

107. Chauhan D, Singh AV, Brahmandam M, Carrasco R, Bandi M, Hideshima T,
et al. Functional interaction of plasmacytoid dendritic cells with multiple myeloma
cells: A therapeutic target. Cancer Cell (2009) 16:309–23. doi: 10.1016/j.ccr.2009.08.019

108. Banerjee DK, Dhodapkar MV, Matayeva E, Steinman RM, Dhodapkar KM.
Expansion of FOXP3(high) regulatory T cells by human dendritic cells (DCs) in vitro
and after injection of cytokine-matured DCs in myeloma patients. Blood (2006)
108:2655–61. doi: 10.1182/blood-2006-03-011353

109. Brown R, Murray A, Pope B, Sze DM, Gibson J, Ho PJ, et al. Either interleukin-
12 or interferon-gamma can correct the dendritic cell defect induced by transforming
growth factor beta(1) in patients with myeloma. Br J Haematol (2004) 125:743–8.
doi: 10.1111/j.1365-2141.2004.04984.x
frontiersin.org

https://doi.org/10.1158/0008-5472.CAN-10-4316
https://doi.org/10.4049/jimmunol.1100463
https://doi.org/10.1158/0008-5472.CAN-08-3807
https://doi.org/10.1038/ni1582
https://doi.org/10.1016/j.molimm.2004.07.034
https://doi.org/10.1016/j.molimm.2004.07.034
https://doi.org/10.1016/j.bbmt.2013.08.011
https://doi.org/10.1046/j.1365-2141.2002.03879.x
https://doi.org/10.1038/nri3174
https://doi.org/10.1111/imm.12082
https://doi.org/10.1182/blood-2015-01-625004
https://doi.org/10.1182/blood-2012-06-438028
https://doi.org/10.1182/blood-2012-06-438028
https://doi.org/10.1016/j.mgene.2014.09.008
https://doi.org/10.1016/j.mgene.2014.09.008
https://doi.org/10.1182/blood-2007-03-078535
https://doi.org/10.1182/blood-2007-03-078535
https://doi.org/10.18632/oncotarget.4831
https://doi.org/10.1182/blood-2010-02-271874
https://doi.org/10.1038/nrc.2015.5
https://doi.org/10.1155/2015/178698
https://doi.org/10.1155/2015/178698
https://doi.org/10.1073/pnas.0711293105
https://doi.org/10.1158/0008-5472.CAN-15-1320
https://doi.org/10.1007/s40265-017-0689-1
https://doi.org/10.1007/s40265-017-0689-1
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/nrc3581
https://doi.org/10.1182/blood-2012-08-448548
https://doi.org/10.1186/s12943-019-1011-5
https://doi.org/10.1186/s12943-019-1011-5
https://doi.org/10.1016/j.canlet.2018.11.002
https://doi.org/10.1158/2326-6066.CIR-17-0192
https://doi.org/10.3389/fonc.2021.691705
https://doi.org/10.3389/fimmu.2020.00938
https://doi.org/10.1038/leu.2012.113
https://doi.org/10.1038/s41598-022-24137-1
https://doi.org/10.1111/bjh.16881
https://doi.org/10.1016/j.blre.2016.04.002
https://doi.org/10.1182/blood-2015-12-687749
https://doi.org/10.1182/blood-2015-12-687749
https://doi.org/10.3389/fimmu.2019.00760
https://doi.org/10.1158/2326-6066.CIR-19-0240
https://doi.org/10.1158/2326-6066.CIR-19-0240
https://doi.org/10.1038/s41419-021-03745-1
https://doi.org/10.1038/s41419-021-03745-1
https://doi.org/10.1172/jci.insight.141683
https://doi.org/10.1158/2326-6066.CIR-20-0663
https://doi.org/10.1158/2326-6066.CIR-20-0663
https://doi.org/10.3390/ijms23020904
https://doi.org/10.1182/blood.V100.1.230
https://doi.org/10.1182/blood-2015-01-623975
https://doi.org/10.1182/blood-2015-01-623975
https://doi.org/10.1016/j.ccr.2009.08.019
https://doi.org/10.1182/blood-2006-03-011353
https://doi.org/10.1111/j.1365-2141.2004.04984.x
https://doi.org/10.3389/fimmu.2024.1346211
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1346211
110. Brown RD, Pope B, Murray A, Esdale W, Sze DM, Gibson J, et al. Dendritic
cells from patients with myeloma are numerically normal but functionally defective as
they fail to up-regulate CD80 (B7-1) expression after huCD40LT stimulation because of
inhibition by transforming growth factor-beta(1) and interleukin-10. Blood (2001)
98:2992–8. doi: 10.1182/blood.V98.10.2992

111. Lee JJ, Chu TH, Vo MC, Park HS, Lakshmi TJ, Ahn SY, et al. Potent anti-
myeloma efficacy of dendritic cell therapy in combination with pomalidomide and
programmed death-ligand 1 blockade in a preclinical model of multiple myeloma. Clin
Lymph Myeloma Leuk (2019) 19:E163. doi: 10.1016/j.clml.2019.09.272

112. Zavidij O, Haradhvala NJ, Mouhieddine TH, Sklavenitis-Pistofidis R, Cai S,
Reidy M, et al. Single-cell RNA sequencing reveals compromised immune
microenvironment in precursor stages of multiple myeloma. Nat Cancer (2020)
1:493–506. doi: 10.1038/s43018-020-0053-3

113. Gordon S, Pluddemann A. Tissue macrophages: heterogeneity and functions.
BMC Biol (2017) 15:53. doi: 10.1186/s12915-017-0392-4

114. Vacca A, Ribatti D, Presta M, Minischetti M, Iurlaro M, Ria R, et al. Bone
marrow neovascularization, plasma cell angiogenic potential, and matrix
metalloproteinase-2 secretion parallel progression of human multiple myeloma.
Blood (1999) 93:3064–73. doi: 10.1182/blood.V93.9.3064

115. Wu K, Lin K, Li X, Yuan X, Xu P, Ni P, et al. Redefining tumor-associated
macrophage subpopulations and functions in the tumor microenvironment. Front
Immunol (2020) 11:1731. doi: 10.3389/fimmu.2020.01731

116. Akhmetzyanova I, Aaron T, Galbo P, Tikhonova A, Dolgalev I, Tanaka M,
et al. Tissue-resident macrophages promote early dissemination of multiple
myeloma via IL-6 and TNFalpha. Blood Adv (2021) 5:3592–608. doi: 10.1182/
bloodadvances.2021005327

117. Zheng Y, Cai Z, Wang S, Zhang X, Qian J, Hong S, et al. Macrophages are an
abundant component of myeloma microenvironment and protect myeloma cells from
chemotherapy drug-induced apoptosis. Blood (2009) 114:3625–8. doi: 10.1182/blood-
2009-05-220285

118. Sunderkotter C, Goebeler M, Schulze-Osthoff K, Bhardwaj R, Sorg C.
Macrophage-derived angiogenesis factors. Pharmacol Ther (1991) 51:195–216.
doi: 10.1016/0163-7258(91)90077-y

119. Lewis CE, Leek R, Harris A, McGee JO. Cytokine regulation of angiogenesis in
breast cancer: the role of tumor-associated macrophages. J Leukoc Biol (1995) 57:747–
51. doi: 10.1002/jlb.57.5.747

120. Klimp AH, Hollema H, Kempinga C, van der Zee AG, de Vries EG, Daemen T,
et al. Expression of cyclooxygenase-2 and inducible nitric oxide synthase in human
ovarian tumors and tumor-associated macrophages. Cancer Res (2001) 61:7305–9.
doi: 10.1097/00002820-200110000-00014

121. Ribatti D, Nico B, Crivellato E, Vacca A. Macrophages and tumor angiogenesis.
Leukemia (2007) 21:2085–9. doi: 10.1038/sj.leu.2404900

122. Ribatti D, Moschetta M, Vacca A. Macrophages in multiple myeloma. Immunol
Lett (2014) 161:241–4. doi: 10.1016/j.imlet.2013.12.010

123. Leone P, Solimando AG, Malerba E, Fasano R, Buonavoglia A, Pappagallo F,
et al. Actors on the scene: immune cells in the myeloma niche. Front Oncol (2020)
10:599098. doi: 10.3389/fonc.2020.599098

124. Scavelli C, Nico B, Cirulli T, Ria R, Di Pietro G, Mangieri D, et al. Vasculogenic
mimicry by bone marrow macrophages in patients with multiple myeloma. Oncogene
(2008) 27:663–74. doi: 10.1038/sj.onc.1210691

125. Beider K, Bitner H, Leiba M, Gutwein O, Koren-Michowitz M, Ostrovsky O,
et al. Multiple myeloma cells recruit tumor-supportive macrophages through the
CXCR4/CXCL12 axis and promote their polarization toward the M2 phenotype.
Oncotarget (2014) 5:11283–96. doi: 10.18632/oncotarget.2207

126. Wang Q, Lu Y, Li R, Jiang Y, Zheng Y, Qian J, et al. Therapeutic effects of
CSF1R-blocking antibodies in multiple myeloma. Leukemia (2018) 32:176–83.
doi: 10.1038/leu.2017.193

127. Kim J, Denu RA, Dollar BA, Escalante LE, Kuether JP, Callander NS, et al.
Macrophages and mesenchymal stromal cells support survival and proliferation of
multiple myeloma cells. Br J Haematol (2012) 158:336–46. doi: 10.1111/j.1365-
2141.2012.09154.x

128. Ruffell B, Chang-Strachan D, Chan V, Rosenbusch A, Ho CMT, Pryer N, et al.
Macrophage IL-10 blocks CD8+ T cell-dependent responses to chemotherapy by
suppressing IL-12 expression in intratumoral dendritic cells. Cancer Cell (2014)
26:623–37. doi: 10.1016/j.ccell.2014.09.006

129. Kim D, Wang J, Willingham SB, Martin R, Wernig G, Weissman IL, et al. Anti-
CD47 antibodies promote phagocytosis and inhibit the growth of human myeloma
cells. Leukemia (2012) 26:2538–45. doi: 10.1038/leu.2012.141

130. Zheng Y, Yang J, Qian J, Qiu P, Hanabuchi S, Lu Y, et al. PSGL-1/selectin and
ICAM-1/CD18 interactions are involved in macrophage-induced drug resistance in
myeloma. Leukemia (2013) 27:702–10. doi: 10.1038/leu.2012.272

131. Mougiakakos D, Bach C, Böttcher M, Beier F, Röhner L, Stoll A, et al. The
IKZF1-IRF4/IRF5 axis controls polarization of myeloma-associated macrophages.
Cancer Immunol Res (2021) 9:265–78. doi: 10.1158/2326-6066.CIR-20-0555

132. Mithraprabhu S, Khong T, Spencer A. Overcoming inherent resistance
to histone deacetylase inhibitors in multiple myeloma cells by targeting pathways
integral to the actin cytoskeleton. Cell Death Dis (2014) 5:e1134. doi: 10.1038/
cddis.2014.98
Frontiers in Immunology 14
133. Yuan GS, Huang Y, Yang ST, Ng A, Yang SY. RGS12 inhibits the progression
and metastasis of multiple myeloma by driving M1 macrophage polarization and
activation in the bone marrow microenvironment. Cancer Commun (2022) 42:60–4.
doi: 10.1002/cac2.12228

134. De Sanctis F, Bronte V. How to reprogram myeloma-associated macrophages:
target IKZF1. Cancer Immunol Res (2021) 9:254–4. doi: 10.1158/2326-6066.Cir-21-
0026

135. Chesi M, Mirza NN, Garbitt VM, Sharik ME, Dueck AC, Asmann YW, et al.
IAP antagonists induce anti-tumor immunity in multiple myeloma. Nat Med. (2016)
22:1411. doi: 10.1038/nm.4229

136. Schwestermann J, Besse A, Driessen C, Besse L. Contribution of the tumor
microenvironment to metabolic changes triggering resistance of multiple myeloma to
proteasome inhibitors. Front Oncol (2022) 12:899272. doi: 10.3389/fonc.2022.899272

137. Ribatti D, Moschetta M, Vacca A. Microenvironment and multiple myeloma
spread. Thromb Res (2014) 133 Suppl:2, S102–106. doi: 10.1016/S0049-3848(14)50017-
5

138. Giuliani N, Bataille R, Mancini C, Lazzaretti M, Barille S. Myeloma cells induce
imbalance in the osteoprotegerin/osteoprotegerin ligand system in the human bone
marrow environment. Blood (2001) 98:3527–33. doi: 10.1182/blood.v98.13.3527

139. Hashimoto T, Abe M, Oshima T, Shibata H, Ozaki S, Inoue D, et al. Ability of
myeloma cells to secrete macrophage inflammatory protein (MIP)-1 alpha and MIP-1
beta correlates with lytic bone lesions in patients with multiple myeloma. Br J
Haematol. (2004) 125:38–41. doi: 10.1111/j.1365-2141.2004.04864.x

140. Conn G, Bayne ML, Soderman DD, Kwok PW, Sullivan KA, Palisi TM, et al.
Amino acid and cDNA sequences of a vascular endothelial cell mitogen that is
homologous to platelet-derived growth factor. Proc Natl Acad Sci U.S.A (1990)
87:2628–32. doi: 10.1073/pnas.87.7.2628

141. Senger DR, Connolly DT, Van de Water L, Feder J, Dvorak HF. Purification
and NH2-terminal amino acid sequence of Guinea pig tumor-secreted vascular
permeability factor. Cancer Res (1990) 50:1774–8. doi: 10.1002/1097-0142(19900315)
65:6<1456::AID-CNCR2820650634>3.0.CO

142. Abu-Jawdeh GM, Faix JD, Niloff J, Tognazzi K, Manseau E, Dvorak HF, et al.
Strong expression of vascular permeability factor (vascular endothelial growth factor)
and its receptors in ovarian borderline and Malignant neoplasms. Lab Invest (1996)
74:1105–15. doi: 10.1007/BF00207511

143. Davis-Smyth T, Chen H, Park J, Presta LG, Ferrara N. The second
immunoglobulin-like domain of the VEGF tyrosine kinase receptor Flt-1 determines
ligand binding and may initiate a signal transduction cascade. EMBO (European Mol
Biol Organization) J (1996) 15:4919–27. doi: 10.1002/j.1460-2075.1996.tb00872.x

144. Browder TM, Dunbar CE, Nienhuis AW. Private and public autocrine loops in
neoplastic cells. Cancer Cells (1989) 1:9–17.

145. Abe M, Hiura K, Wilde J, Shioyasono A, Moriyama K, Hashimoto T, et al.
Osteoclasts enhance myeloma cell growth and survival via cell-cell contact: a vicious
cycle between bone destruction and myeloma expansion. Blood (2004) 104:2484–91.
doi: 10.1182/blood-2003-11-3839

146. Anderson KC, Jones RM, Morimoto C, Leavitt P, Barut BA. Response patterns
of purified myeloma cells to hematopoietic growth factors. Blood (1989) 73:1915–24.
doi: 10.1046/j.1537-2995.1989.29589284156.x

147. Rutella S, Bonanno G, Procoli A, Mariotti A, de Ritis DG, Curti A, et al.
Hepatocyte growth factor favors monocyte differentiation into regulatory interleukin
(IL)-10++IL-12(low/neg) accessory cells with dendritic-cell features. Blood (2006)
108:218–27. doi: 10.1182/blood-2005-08-3141

148. Bonanno G, Corallo M, Mariotti A, Di Maggio A, Procoli A, De Rosa L, et al.
Indoleamine 2,3-dioxygenase (IDO) is expressed by multiple myeloma plasma cells and
promotes the differentiation of regulatory T cells: investigations into the role of
hepatocy te g rowth fac to r . Blood (2008) 112 :593–4 . do i : 10 .1182 /
blood.V112.11.1680.1680

149. Carlos CA, Dong HF, Howard OMZ, Oppenheim JJ, Hanisch F-G, Finn OJ,
et al. Human tumor antigen MUC1 is chemotactic for immature dendritic cells and
elicits maturation but does not promote Th1 type immunity. J Immunol (2005)
175:1628–35. doi: 10.4049/jimmunol.175.3.1628

150. Nair JR, Rozanski CH, Lee KP. Under one roof: The bone marrow survival
niche for multiple myeloma and normal plasma cells.Oncoimmunology (2012) 1:388–9.
doi: 10.4161/onci.18746

151. Rebmann V, Schütt P, Brandhorst D, Opalka B, Moritz T, Nowrousian MR,
et al. Soluble MICA as an independent prognostic factor for the overall survival and
progression-free survival of multiple myeloma patients. Clin Immunol (2007) 123:114–
20. doi: 10.1016/j.clim.2006.11.007

152. Li ZW, Dalton WS. Tumor microenvironment and drug resistance in
hematologic Malignancies. Blood Rev (2006) 20:333–42. doi: 10.1016/j.blre.2005.08.003

153. Oshiro MM, Landowski TH, Catlett-Falcone R, Hazlehurst LA, Huang M, Jove
R, et al. Inhibition of JAK kinase activity enhances Fas-mediated apoptosis but reduces
cytotoxic activity of topoisomerase II inhibitors in U266 myeloma cells. Clin Cancer Res
(2001) 7:4262–71. doi: 10.1159/000048556

154. Kuhn DJ, Berkova Z, Jones RJ, Woessner R, Bjorklund CC, Ma W, et al.
Targeting the insulin-like growth factor-1 receptor to overcome bortezomib resistance
in preclinical models of multiple myeloma. Blood (2012) 120:3260–70. doi: 10.1182/
blood-2011-10-386789
frontiersin.org

https://doi.org/10.1182/blood.V98.10.2992
https://doi.org/10.1016/j.clml.2019.09.272
https://doi.org/10.1038/s43018-020-0053-3
https://doi.org/10.1186/s12915-017-0392-4
https://doi.org/10.1182/blood.V93.9.3064
https://doi.org/10.3389/fimmu.2020.01731
https://doi.org/10.1182/bloodadvances.2021005327
https://doi.org/10.1182/bloodadvances.2021005327
https://doi.org/10.1182/blood-2009-05-220285
https://doi.org/10.1182/blood-2009-05-220285
https://doi.org/10.1016/0163-7258(91)90077-y
https://doi.org/10.1002/jlb.57.5.747
https://doi.org/10.1097/00002820-200110000-00014
https://doi.org/10.1038/sj.leu.2404900
https://doi.org/10.1016/j.imlet.2013.12.010
https://doi.org/10.3389/fonc.2020.599098
https://doi.org/10.1038/sj.onc.1210691
https://doi.org/10.18632/oncotarget.2207
https://doi.org/10.1038/leu.2017.193
https://doi.org/10.1111/j.1365-2141.2012.09154.x
https://doi.org/10.1111/j.1365-2141.2012.09154.x
https://doi.org/10.1016/j.ccell.2014.09.006
https://doi.org/10.1038/leu.2012.141
https://doi.org/10.1038/leu.2012.272
https://doi.org/10.1158/2326-6066.CIR-20-0555
https://doi.org/10.1038/cddis.2014.98
https://doi.org/10.1038/cddis.2014.98
https://doi.org/10.1002/cac2.12228
https://doi.org/10.1158/2326-6066.Cir-21-0026
https://doi.org/10.1158/2326-6066.Cir-21-0026
https://doi.org/10.1038/nm.4229
https://doi.org/10.3389/fonc.2022.899272
https://doi.org/10.1016/S0049-3848(14)50017-5
https://doi.org/10.1016/S0049-3848(14)50017-5
https://doi.org/10.1182/blood.v98.13.3527
https://doi.org/10.1111/j.1365-2141.2004.04864.x
https://doi.org/10.1073/pnas.87.7.2628
https://doi.org/10.1002/1097-0142(19900315)65:6%3C1456::AID-CNCR2820650634%3E3.0.CO
https://doi.org/10.1002/1097-0142(19900315)65:6%3C1456::AID-CNCR2820650634%3E3.0.CO
https://doi.org/10.1007/BF00207511
https://doi.org/10.1002/j.1460-2075.1996.tb00872.x
https://doi.org/10.1182/blood-2003-11-3839
https://doi.org/10.1046/j.1537-2995.1989.29589284156.x
https://doi.org/10.1182/blood-2005-08-3141
https://doi.org/10.1182/blood.V112.11.1680.1680
https://doi.org/10.1182/blood.V112.11.1680.1680
https://doi.org/10.4049/jimmunol.175.3.1628
https://doi.org/10.4161/onci.18746
https://doi.org/10.1016/j.clim.2006.11.007
https://doi.org/10.1016/j.blre.2005.08.003
https://doi.org/10.1159/000048556
https://doi.org/10.1182/blood-2011-10-386789
https://doi.org/10.1182/blood-2011-10-386789
https://doi.org/10.3389/fimmu.2024.1346211
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1346211
155. Dalton WS. The tumor microenvironment: focus on myeloma. Cancer Treat
Rev (2003) 29 Suppl:1, 11–19. doi: 10.1016/s0305-7372(03)00077-x

156. Hosen N. Integrins in multiple myeloma. Inflammation Regener (2020) 40:4.
doi: 10.1186/s41232-020-00113-y

157. Neri P, Ren L, Azab AK, Brentnall M, Gratton K, Klimowicz AC, et al. Integrin
b7-mediated regulation of multiple myeloma cell adhesion, migration, and invasion.
Blood (2011) 117:6202–13. doi: 10.1182/blood-2010-06-292243

158. Landowski TH, Olashaw NE, Agrawal D, Dalton WS. Cell adhesion-mediated
drug resistance (CAM-DR) is associated with activation of NF-kB (RelB/p50) in
myeloma cells. Oncogene (2003) 22:2417–21. doi: 10.1038/sj.onc.1206315

159. Manier S, Sacco A, Leleu X, Ghobrial IM, Roccaro AM. Bone marrow
microenvironment in multiple myeloma progression. J Biomed Biotechnol (2012) 5.
doi: 10.1155/2012/157496

160. Jian X, Zhu Y, Ouyang J, 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) 8:74. doi: 10.1186/
s40168-020-00854-5

161. Kim CH, Park J, KimM. Gut microbiota-derived short-chain Fatty acids, T cells,
and inflammation. Immune Netw (2014) 14:277–88. doi: 10.4110/in.2014.14.6.277

162. 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) 7:585–98. doi: 10.1038/nrc2189

163. Pianko MJ, Devlin SM, Littmann ER, Chansakul A, Mastey D, Salcedo M, et al.
Minimal residual disease negativity in multiple myeloma is associated with intestinal
microbiota composi t ion. Blood Adv (2019) 3 :2040–4. doi : 10.1182/
bloodadvances.2019032276

164. Valtorta S, Toscani D, Chiu M, Sartori A, Coliva A, Brevi A, et al. F-18 (2S,4R)-
4-fluoroglutamine as a new positron emission tomography tracer in myeloma. Front
Oncol (2021) 11:760732. doi: 10.3389/fonc.2021.760732
Frontiers in Immunology 15
165. Calcinotto A, Grioni M, Jachetti E, Curnis F, Mondino A, Parmiani G, et al.
Targeting TNF-alpha to neoangiogenic vessels enhances lymphocyte infiltration in
tumors and increases the therapeutic potential of immunotherapy. J Immunol (2012)
188:2687–94. doi: 10.4049/jimmunol.1101877

166. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al.
Enterotypes of the human gut microbiome. Nature (2011) 473:174–80. doi: 10.1038/
nature09944

167. Calcinotto A, Brevi A, Chesi M, Ferrarese R, Perez LG, Grioni M, et al.
Microbiota-driven interleukin-17-producing cells and eosinophils synergize to
accelerate multiple myeloma progression. Nat Commun (2018) 9:4832. doi: 10.1038/
s41467-018-07305-8

168. Lehouritis P, Cummins J, Stanton M, Murphy CT, McCarthy FO, Reid G, et al.
Local bacteria affect the efficacy of chemotherapeutic drugs. Sci Rep (2015) 5:14554.
doi: 10.1038/srep14554
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