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Abstract: Multiple myeloma is a plasma cell malignancy that primarily affects the elderly. 
The global burden of multiple myeloma is increasing in many countries due to an aging 
population. Despite recent advances in therapy, myeloma remains an incurable disease, 
highlighting the pressing need for new therapies. Accumulating evidence supports that 
triggering the host immune system is a critical therapeutic mechanism of action by various 
anti-myeloma therapies. These anti-myeloma therapies include proteasome inhibitors, immu-
nomodulatory drugs, monoclonal antibody drugs, and autologous stem cell transplantation. 
More recently, T cell-based immunotherapeutics (including chimeric antigen receptor T-cell 
therapies and bispecific T-cell engagers) have shown dramatic clinical benefits in patients 
with relapsed or refractory multiple myeloma. While immune-based therapeutic approaches 
are recognized as key modalities for improved clinical outcomes in myeloma patients, 
understanding the immune system in multiple myeloma patients remains elusive. The cancer- 
immunity cycle is a conceptual framework illustrating how immune cells recognize and 
eliminate tumor cells. Based on this framework, this review will provide an overview of the 
immune system in multiple myeloma patients and discuss potential therapeutic approaches to 
stimulate anti-tumor immunity. 
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Introduction
Multiple myeloma (MM) is typically preceded by the asymptomatic precursor condi-
tions known as monoclonal gammopathy of undetermined significance (MGUS) or 
smoldering multiple myeloma (SMM).1 This spectrum of plasma cell disorders, namely, 
plasma cell dyscrasias, is tightly associated with the clonal evolution of plasma cells.2,3 

Chromosomal hyperdiploidy or a translocation involving the immunoglobulin heavy- 
chain gene locus is a key event triggering the expansion of plasma cells. The progression 
from MGUS to active MM requires the accumulation of several genomic alteration 
events, such as copy number abnormalities, secondary translocations, and somatic 
mutations.4 Intra-clonal heterogeneity is a key feature of plasma cell dyscrasias, which 
explains the mechanism underlying acquired chemo-resistance and disease relapse in 
MM.5 Growing evidence suggests that the immune system exerts selective pressure on 
malignant plasma cells, acting as a rheostat for regulating symptomatic progression in 
plasma cell dyscrasias.6 In addition to the importance of natural immunosurveillance, 
myeloma immunotherapy has emerged as a potential approach to eradicate chemother-
apy-resistant plasma cell clones.7,8 For instance, chimeric antigen receptor (CAR) T-cell 
therapies and bispecific T-cell engager therapies are powerful modalities for immune- 
mediated destruction of malignant plasma cells. In this review, we will summarize the 
current understanding of the immune system in MM patients using the cancer-immunity 
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cycle framework, and discuss immunological mechanisms of 
action in myeloma therapeutics.

The Cancer-Immunity Cycle in 
Multiple Myeloma
The cancer-immunity cycle is a series of stepwise func-
tional events that describe the immune system recognizing 
and eliminating malignant cells.9 This framework consists 
of seven major steps: 1) release of tumor antigens, 2) 
antigen presentation, 3) priming and activation of effector 
T cells, 4) trafficking of T cells to tumors, 5) infiltration of 
T cells into tumors, 6) recognition of tumor cells by 
T cells, and 7) killing of tumor cells.9 This framework 
exquisitely depicts the mechanism of anti-tumor immunity 
against solid malignancies. However, disease-specific 
aspects should also be considered to understand the 
immune system in MM patients (Figure 1).

Release of Tumor Antigens (Step 1)
Even in the absence of therapeutic interventions, cancer cells 
are constantly exposed to stressful stimuli, such as metabolic 
stress, hypoxia and immune-mediated destruction, all of 
which trigger the release of antigens from dying tumor 
cells. Tumor antigens are broadly classified as either tumor- 
associated antigens (TAAs) or neoantigens (also called 
tumor-specific antigens). TAAs are antigens that are aber-
rantly overexpressed in tumor tissues when compared to 
normal tissues. In contrast, neoantigens refer to antigens 
exclusively expressed by tumor cells, as these peptide frag-
ments arise from somatically mutated self-proteins.

As seen in solid malignancies, myeloma cells express 
a wide variety of TAAs, such as cancer-testis antigens 
(MAGE-C1 and NY-ESO-1), WT-1, and MUC1. 
Additionally, the variable region of the clonal immunoglo-
bulin, namely idiotype, has been recognized as an impor-
tant TAA in MM.10 Historically, TAA-loaded dendritic 
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Figure 1 The cancer-immunity cycle in multiple myeloma and its negative regulation. A schematic illustrating seven steps of the cancer-immunity cycle and their negative 
regulatory mechanisms in multiple myeloma (blue boxes). 
Abbreviations: DC, dendritic cells; Tregs, regulatory T cells; MDSCs, myeloid-derived suppressor cells.
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cells (DCs) have been used as cancer vaccines for various 
malignancies including MM. Although DC-based cancer 
vaccine approaches have shown limited clinical efficacies 
as a single-agent therapy,11 they are actively being tested 
in combination with immune checkpoint inhibitors or 
other immunotherapeutics. Additionally, two immuno-
genic TAAs have been reported in MGUS patients: 
OFD1 (Oral-facial-digital syndrome 1 protein) and SOX2 
(SRY-box transcription factor 2). OFD1 is a developmental 
antigen implicated in primary cilium formation and regu-
lation of the Hedgehog and Wnt signaling pathways. 
Specific antibody responses against OFD1 protein were 
seen in 20% of MGUS patients, although not in newly 
diagnosed MM patients. OFD1-specific CD8+ T cells were 
detectable in both MGUS and MM patients. However, 
only MGUS patients-derived T cells underwent prolifera-
tion in response to OFD1-derived peptide,12 suggesting 
functional impairment of OFD1-specific T cells in active 
MM patients. Another MGUS-associated TAA, SOX2, is 
normally related to pluripotency and maintenance of stem 
cells. SOX2-specific T cells were observed in about 70% 
of MGUS patients, while absent in active MM patients. 
Notably, the absence of SOX2-specific T cells in MGUS 
patients was significantly associated with a higher risk of 
progression into active MM.13 While these results strongly 
suggest that these antigen-specific T cells play a critical 
role in myeloma immunosurveillance, it remains to be 
elucidated how malignant plasma cells evade the immune 
system, leading to symptomatic progression.

Compared to TAAs, neoantigens are less characterized 
in MM. In general, immune checkpoint inhibitors, such as 
anti-CTLA-4, anti-PD-1, and anti-PD-L1, have demon-
strated promising clinical responses against tumors with 
high tumor mutational burden (TMB) and tumor neoanti-
gen burden (TNB).14 This indicates that TMB and TNB 
are key determinants of tumor immunogenicity. 
Intriguingly, Miller et al reported that MM patients harbor-
ing high TMB and TNB were associated with decreased 
progression-free survival,15 although the mechanism 
remains elusive. High TMB and TNB conditions might 
reflect aggressive or refractory disease characteristics dri-
ven by genomic aberrations. Indeed, Perumal et al showed 
that relapsed MM patients have a higher TMB and TNB 
than newly diagnosed MM patients,16 supporting that the 
genomic complexity might be associated with high TMB/ 
TNB status. These results also raise the possibility that 
natural immunosurveillance by myeloma-specific T cells 
might not effectively control disease progression under the 

current standard of care. Besides, given that anti-PD-1 
mAb failed to improve clinical outcomes in MM 
patients,17,18 myeloma-specific T cell responses might not 
be predicted based on the TMB/TNB status. Recently, 
Perumal et al identified shared neoantigens across MM 
patients in major oncogenic driver genes, including 
KRAS, NRAS, and IRF4,16 providing an important impli-
cation for off-the-shelf neoantigen-based immunotherapy. 
For clinical applications of neoantigens, high-throughput 
profiling of myeloma neoantigens is warranted, such as 
clonality assessment and expression patterns of neoantigen 
peptides on the major histocompatibility complex (ie, the 
MHC ligandome).

Antigen Presentation and Priming of 
T Cells (Step 2 and 3)
Tumor antigens derived from dead tumor cells are cap-
tured by antigen-presenting cells (APCs) such as DCs. 
These antigens are subsequently exhibited on MHC-II via 
direct presentation or by MHC-I via a cross-presentation 
pathway. The activation of T cells is triggered by the 
recognition of peptide/MHC (pMHC) complexes by 
T-cell receptors (signal 1) and the engagement of the 
CD28 co-stimulatory receptor by its ligands CD80 and 
CD86 (signal 2). In solid malignancies, migratory DCs 
expressing CD141 (in humans) or CD103 (in mice) play 
a critical role in delivering antigens from tumor tissues to 
draining lymph nodes, where these DCs prime tumor- 
specific T cells.19 In contrast, it remains unknown how 
antigen-presentation occurs in MM. As the bone marrow 
(BM) acts as a major hematopoietic organ and 
a secondary lymphoid organ, the myeloma BM might 
harbor various APCs at different maturation stages. 
Indeed, Feuerer et al reported that mouse BM resident 
DCs could take up exogenous blood-borne antigens and 
prime T cells in the BM.20 Alternatively, another group 
demonstrated that circulating DCs carrying antigens 
migrate to the BM and stimulate BM-resident memory 
T cells.21 This suggests that both BM-resident DCs and 
circulating DCs might contribute to antigen-presentation 
in the myeloma BM. In addition to DCs, tumor- 
associated macrophages expressing CD169 also mediate 
cross-presentation in solid malignancies.22 Likewise, 
intra-vital imaging revealed that apoptotic myeloma 
cells are engulfed by CD169+ BM macrophages.23 The 
discrete roles of heterogeneous myeloid subsets for 
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myeloma antigen presentation remain to be fully 
characterized.

Several studies have shown impaired antigen- 
presentation capacity in DCs from MM patients. This DC 
dysfunction could be due to aberrant cytokines released in 
the myeloma BM including IL-6, IL-10, and TGF-β.24 

However, contradictory results have been reported regard-
ing numerical and phenotypic alterations of DCs in the 
myeloma BM.24 Previous studies defined DCs based on 
the expression of CD11c and MHC-II; however, these 
markers are not sufficient to discriminate heterogeneous 
APC subsets in the BM.25 The comprehensive character-
ization of APCs at single-cell resolution might clarify how 
myeloma progression impairs antigen presentation.

In addition to DCs, T cell-intrinsic dysfunction has 
been reported in myeloma patients. While T cells from 
MGUS patients showed IFN-γ secretion upon stimulation 
by in vitro expanded DCs pulsed with autologous plasma 
cells, T cells from myeloma patients failed to show 
responses.26 Thus, T-cell hypo-responsiveness is induced 
during symptomatic progression. More recently, using sin-
gle-cell RNA-sequencing (scRNA-seq) in combination 
with mass cytometry analysis, Bailur et al demonstrated 
that stem-like memory T cells expressing the transcription 
factor T-cell factor 1 (TCF1) were enriched in MGUS 
patients in comparison to age-matched healthy subjects.27 

In contrast, active MM patients had decreased TCF1+ 

stem-like memory T cells, while terminal effector T cells 
were progressively increased.27 Another study on the 
immune landscape of SMM revealed loss of memory 
cytotoxic T cells expressing granzyme K and an increase 
in effector cytotoxic T cells expressing granzyme B.28 

While disease progression from asymptomatic myeloma 
to active MM might be associated with T-cell dysfunction, 
further studies are warranted to understand whether T-cell 
dysfunction is explained by T-cell exhaustion, anergy or 
senescence.29

T-Cell Migration and Infiltration into 
Tumor Tissues (Step 4 and Step 5)
In solid malignancies, C-X-C chemokine receptor 3 
(CXCR3) and CXCR4 have been recognized as major 
chemokine receptors for mobilization of T cells and NK 
cells.30 IFN-γ has been recognized as a key regulator for 
the CXCR3 chemokine system. Indeed, IFN-γ can induce 
CXCR3 on activated T cells and its ligands CXCL9/10/11 
in tumor tissues. Recently, Chow et al showed that the 

interaction between CXCR3 and its ligands was not essen-
tial for T cell infiltration into tumor tissues but indispen-
sable for the optimal CD8+ T cell responses elicited by 
anti-PD-1 blockade.31 Thus, the CXCR3 system has 
unique T-cell stimulatory functions, other than the mobili-
zation of T cells. CXCR4 is critically implicated in the 
homing of lymphocytes into the BM, as BM stromal cells 
are major producers of its ligand, CXCL12. As discussed 
previously, the BM functions as a secondary lymphoid 
organ, where memory CD8 T cells undergo maintenance 
and proliferation.20,21,32 Recently, Khan et al showed that 
adoptive transfer of CD8+ T cells overexpressing CXCR4 
exhibited a greater capacity for expansion with poly- 
functional phenotypes in the BM, leading to better control 
of subcutaneously transplanted tumors. Thus, temporal 
homing of T cells to the BM via the CXCR4-CXCL12 
interaction might be a critical step for T cell activation and 
expansion.

In the myeloma BM, aberrant chemokine expression 
might be implicated in the mechanism of immune exclu-
sion. Ponzetta et al showed that the symptomatic progres-
sion of myeloma was associated with increased levels of 
CXCL9/10 and decreased levels of CXCL12 in the BM.33 

However, due to rapid down-modulation of CXCR3 
expression on NK cells, NK cells were excluded from 
the myeloma BM.33 In contrast, the dynamics of migration 
and egress of T cells in the myeloma BM remain to be 
elucidated. It should be noted that malignant plasma cells 
also express multiple chemokine receptors, such as 
CXCR4 and CCR1 and that abnormal chemokine expres-
sion might foster extramedullary dissemination.34,35 Thus, 
the aberrant chemokine pattern might be implicated in 
both immune exclusion and metastatic dissemination of 
malignant plasma cells.

T-cell infiltration into tumor tissues is a crucial process 
for anti-tumor immunity, as supported by the fact that 
immune checkpoint inhibitors have shown limited effica-
cies against tumors with low T-cell infiltration, namely, 
immunologically “cold” tumors. As discussed later, var-
ious immunosuppressive cells critically limit T-cell infil-
tration and effector functions. T-cell infiltration into tumor 
tissues is also regulated by extracellular matrix compo-
nents, such as glycoproteins, glucosaminoglycans, and 
proteoglycans.36 In the myeloma BM, a chondroitin sulfate 
proteoglycan, called versican, accumulates around mye-
loma lesions.37 Versican is known to undergo proteolytic 
cleavage by the ADAMTS (a disintegrin and metallopro-
teinase with thrombospondin motifs) proteases. It was 
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reported that higher levels of versican cleavage were asso-
ciated with higher CD8 T cell-infiltration in MM patients 
after autologous stem-cell transplantation (ASCT).38 

However, notably, higher infiltration of CD8 T cells was 
paradoxically associated with inferior outcomes in these 
patients.38 Given that ADAMTS activities are associated 
with inflammation, high levels of versican cleavage might 
reflect tumor-promoting BM environments.

Enhancing T-cell migration and infiltration into tumor 
tissues is an important consideration for an immunother-
apeutic approach against extramedullary MM (EMM). 
Many clinical studies have concluded that EMM was 
associated with an inferior prognosis in patients who 
received current standard therapies, including ASCT or 
daratumumab (anti-CD38 mAb) therapies.39,40 Although 
CAR T-cell therapy against B-cell maturation antigen 
(BCMA) has shown good responses in some patients 
with EMM,41 it remains challenging to control extrame-
dullary lesions. The immune microenvironment of EMM 
has not been fully characterized. Given that malignant 
plasma cells in extramedullary lesions frequently show 
high Ki-67 expression,42 highly proliferative myeloma 
cells might overwhelm T-cell infiltration, leading to the 
generation of immunologically “cold” EMM. Genetically 
modified CAR-T cell therapies with enhanced migration 
capacities are being developed to treat solid 
malignancies,43 which might provide a clue to improve 
control of EMM.

Recognition and Elimination of Tumor 
Cells (Step 6 and Step 7)
Cytotoxic T cells recognize pMHC-I derived from neoan-
tigens and TAAs in tumor cells. The TCR-pMHC-I inter-
action leads to the formation of an immunological 
synapse, a highly organized subcellular structure at 
which adhesion and co-signaling molecules accumulate. 
The immunological synapse acts as a molecular platform 
for cytotoxic granule exocytosis and release of IFN-γ to 
eliminate tumor cells.44 Cytotoxic T cells fail to recognize 
and eliminate tumor cells by multiple mechanisms, includ-
ing 1) down-regulation of pMHC-I expression on tumor 
cells, 2) negative regulation of T cells through the interac-
tion between immune checkpoint receptors and their 
ligands, 3) functional exhaustion of T cells, and 4) resis-
tance to immune-mediated killing of tumor cells.

Several lines of evidence suggest that proteasome inhi-
bitors down-regulate expression levels of MHC-I on 

malignant plasma cells.45,46 As NK cells preferentially 
recognize tumor cells with low levels of MHC-I, bortezo-
mib-treated myeloma cells show an increased sensitivity to 
NK cell-mediated cytotoxicity.45 Recently, Kowalewski 
et al performed MHC ligandome profiling of myeloma 
cells treated with carfilzomib (a second-generation protea-
some inhibitor) to assess qualitative and quantitative 
changes of pMHC. Intriguingly, carfilzomib specifically 
downregulated pMHC expression in peptides with aro-
matic C-termini,46 indicating that proteasome inhibitors 
modulate pMHC expression in a peptide motif-specific 
manner. Still, it remains to be understood how therapy- 
induced changes of MHC-I expression differentially 
affects T cell-dependent and NK cell-dependent control 
of myeloma. It is also possible that the dynamic changes 
in expression levels of MHC-restricted myeloma antigens 
might contribute to immune escape during clonal evolu-
tion of malignant plasma cells.

Immune checkpoint inhibitors against PD-1 and PD-L1 
are known to reinvigorate functionally exhausted effector 
T cells.47 In an initial study, pembrolizumab (anti-PD-1 
mAb) in combination with pomalidomide and dexametha-
sone showed an objective response rate of 60% in heavily 
treated MM patients.48 However, the combination 
approach did not show clinical benefits in Phase III clin-
ical trials.17,18 Clinicopathological and immunological 
characteristics of anti-PD-1 responders might be warranted 
to utilize PD-1/PD-L1 blockade in MM. Although PD-1/ 
PD-L1 blockade has been reported to enhance the expan-
sion of neoantigen-specific T cells in a subset of MM 
patients,16 it failed to rescue proliferation and cytokine 
production of BM CD8 T cells in the majority of MM 
patients.49 Of note, in the presence of TGF-β inhibitors, 
anti-PD-1 mAb improved functional responses in ex vivo 
isolated BM CD8 T cells,49 suggesting that extrinsic con-
trol might be implicated in T-cell hypo-responsiveness.

One of the key pathways regulating cytotoxic lympho-
cyte activity at the immunological synapse is the nectin 
family molecules: the co-activating receptor CD226 (also 
known as DNAM-1), the inhibitor receptor TIGIT (T-cell 
immunoreceptor with immunoglobulin and ITIM 
domains), and their shared ligand, CD155. CD155 is 
broadly expressed on tumor cells, including malignant 
plasma cells, and the interaction between CD226 and 
CD155 allows cytotoxic lymphocytes to recognize and 
eliminate tumor cells. Indeed, in the preclinical de novo 
Vk*MYC myeloma model, deficiency of CD226 acceler-
ated disease progression with shortened survival,50 
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highlighting the prominent role of CD226 for immunosur-
veillance. Recently, two groups have provided mechanistic 
insights into how tumor cells can evade CD226-mediated 
recognition and elimination. Weulersse et al showed that 
CD226 underwent transcriptional repression by Eomes 
(Eomesodermin, a key transcriptional factor upregulated 
in exhausted T cells), and thus, CD226 expression was 
downregulated in exhausted T cells.51 Braun et al showed 
that CD155 on tumor cells triggered ligand-induced inter-
nalization and subsequent proteasomal degradation of 
CD226 in cytotoxic lymphocytes.52 Together, CD226 
undergoes both transcriptional and post-transcriptional 
regulation in the tumor microenvironment. Notably, both 
studies concluded that CD8+ T cells with reduced expres-
sion levels of CD226 poorly responded to PD-1 
blockade.51,52

The CD226-dependent functions also undergo nega-
tive regulation by TIGIT, the inhibitory checkpoint 
molecule upregulated on activated T cells and NK 
cells. Due to its higher binding affinity to CD155, 
TIGIT competitively dampens CD226 functions.53 

TIGIT is the most frequently expressed inhibitory 
immune checkpoint molecule in MM BM T cells, and 
TIGIT-expressing T cells represent functionally 
exhausted phenotypes.54 Importantly, anti-TIGIT mAb 
reinvigorated myeloma antigen-specific T cells in MM 
patients, and improved disease control either by mono-
therapy or post-ASCT maintenance therapy in preclini-
cal models.54,55 TIGIT has multifaceted inhibitor 
mechanisms, including 1) functional competition with 
CD226, 2) T/NK-cell intrinsic regulation, 3) enhancing 
immunosuppressive activities in regulatory T (Treg) 
cells, and 4) negative regulation of DCs.53 Thus, the 
imbalance between CD226 and TIGIT provides critical 
implications for myeloma immunotherapy.

In addition to the imbalance between CD226 and 
TIGIT expression, multiple factors might be implicated 
in T-cell dysfunction including transcriptional and epige-
netic reprograming of T cells, metabolic alterations, and 
extrinsic regulation by immunosuppressive subsets. Age- 
associated immune senescence and infection might also 
sculpt T-cell phenotypes in MM patients. Besides, due to 
spatial heterogeneity of MM, T cells isolated from BM 
aspirates might not reflect bona-fide tumor-infiltrating 
T cells.6 Thus, in-depth profiling of intra-tumoral T cells 
might provide a clearer insight into T-cell dysfunction in 
MM patients.

Immune Subsets Positively 
Regulating the Cancer-Immunity 
Cycle
The framework of cancer-immunity cycle was originally 
designed to understand anti-tumor T cells immunity. 
However, NK cells are also recognized as a key subset of 
the cancer-immunity cycle, either by stimulating DCs and 
adaptive immunity or by direct recognition and elimination 
of tumor cells.56 Several contradictory results have been 
reported regarding the numbers and functions of NK cells 
in MM patients.24 Recently, Barberi et al reported an increase 
in NK cells in MM patients, compared to healthy subjects. 
Intriguingly, they showed that a subset of NK cells with 
CD94lowCD56dim expression possessed a high proliferative 
potential and cytotoxic activity against malignant plasma 
cells.57 Thus, heterogeneity of NK-cell subsets might be an 
important aspect of the efficacies of immunomodulatory 
drugs and mAbs that elicit antibody-dependent cellular cyto-
toxicity (ADCC). Notably, immunomodulatory drugs also 
stimulate BM type 1 innate lymphoid cells (ILC1) to produce 
IFN-γ,58 suggesting that ILC1 might also contribute to anti- 
myeloma immunity. NKT cells are also recognized as a key 
subset bridging innate and adaptive immunity. As malignant 
plasma cells express CD1d, CD1d-restricted NKT cells 
might exert direct cytotoxicity against MM. It is reported 
that NKT cells isolated from active MM showed a marked 
deficiency of ligand-dependent IFN-γ production.59 Still, 
DCs pulsed with α-galactosylceramide (α-GalCer) could 
restore NKT cell functions in active MM patients, indicating 
that NKT cell hypo-responsiveness is reversible.59 It is pos-
sible that NK cells, ILC1 cells and NKT cells play non- 
redundant roles during myeloma immunosurveillance and 
immunotherapy, though further studies are necessary to 
understand their discrete functions.

Immune Subsets Negatively 
Regulating the Cancer-Immunity 
Cycle
Tumor tissues contain heterogeneous immunosuppressive 
myeloid subsets, including immature monocytes and neu-
trophils (also known as myeloid-derived suppressor cells: 
MDSCs) and tumor-associated macrophages (TAM).60,61 

Tumor progression triggers disturbance of hematopoiesis 
in the BM, and myeloid subsets acquire immunosuppres-
sive activities in response to growth factors and pro- 
inflammatory cytokines derived from tumor tissues.61 
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These myeloid cells potently suppress T cell activation in 
both antigen-specific and non-specific manners by seques-
tration of amino acids, reactive oxygen and nitrogen spe-
cies, and production of immunosuppressive metabolites.61 

Thus, MDSCs and TAMs negatively regulate multiple 
steps of the cancer-immunity cycle, including T-cell prim-
ing and activation, infiltration, and T cell-mediated cyto-
toxicity against tumor cells. As myeloma primary grows in 
the BM, where myeloid cells and their precursor abun-
dantly exist, various myeloid subsets with different 
maturation stages are known to hamper T-cell 
activation.28,62,63

Treg cells play a critical role in maintaining self- 
tolerance and the prevention of autoimmunity. CTLA-4 
expressed in Treg cells is recognized as a key regulator 
of T-cell priming by its higher binding affinity and avidity 
for CD80/86, compared to CD28.64 Additionally, Treg 
cells can suppress effector lymphocyte functions by con-
sumption of IL-2, production of cytokines (TGF-β and IL- 
10), and adenosine generation via ectoenzymes (CD38/ 
CD39/CD73).65 Like tumor-infiltrating effector lympho-
cytes, activated Treg cells in the tumor microenvironment 
also express immune checkpoint molecules. Several lines 
of evidence suggest that PD-1 negatively regulates Treg 
functions.65–67 Indeed, an expansion of activated Treg 
cells was reported in gastric cancer patients experiencing 
an exacerbation of tumor progression after PD-1 blockade 
therapy,66 suggesting that anti-PD-1 triggered activation of 
Treg cells. A subsequent study showed that the balance of 
PD-1 expression between CD8+ T cells and Treg cells in 
the tumor microenvironment was a key determinant for 
predicting therapeutic responsiveness to PD-1 blockade.67 

This finding may partially explain why PD-1 blockade led 
to inferior outcomes in myeloma patients,17,18 although 
validation is highly warranted. It should be noted that 
BM Treg cells have unique features and functions com-
pared to Treg cells in the blood and lymphoid organs.68,69 

The phenotype of BM Treg cells is further sculpted by 
myeloma progression, such as acquisition of type 1 inter-
feron signature genes.28,70

Regulatory B (Breg) cells are also recognized as a key 
immunosuppressive subset by their ability to produce anti- 
inflammatory cytokines such IL-10, IL-35, and TGF-β. 
Zhang et al reported the expansion of IL-10-producing 
CD19+CD24highCD38high Breg cells in the BM from 
newly diagnosed MM patients.71 Indeed, ex vivo isolated 
BM Breg cells could suppress NK cell-mediated ADCC 
against autologous MM cells coated with anti-SLAMF7 

mAb (elotuzumab),71 supporting the negative impact on 
anti-tumor immunity. Yet, it remains largely unknown how 
myeloma progression triggers expansion of Breg cells in 
the BM.

Therapeutic Activation of 
Cancer-Immunity Cycle
Various myeloma therapeutics can fuel the cancer- 
immunity cycle. For example, cytotoxic agents can trigger 
the release of tumor antigens (step 1) and stimulate APCs 
(step 2). Blocking a negative regulator of phagocytosis has 
emerged as a new modality to promote engulfment of 
tumor cells and subsequent antigen-presentation (step 2). 
Immune checkpoint inhibitors act at the T cell-APC inter-
face (step 3) and at the T cell-cancer cell interface (step 6 
and 7). Clinical benefits of anti-CD38 mAbs and ASCT 
might be explained by their pleiotropic impacts on multi-
ple steps. Lastly, CAR-T cell and bispecific T-cell engager 
therapies have emerged as powerful approaches to recog-
nize and eliminate malignant plasma cells irrespective of 
TCR specificity (step 6 and step 7). Here, we discuss their 
key immunological mechanisms of myeloma therapeutics 
(Figure 2).

Induction of Immunogenic Cell Death
Although apoptosis is classified as an immunologically 
silent form of cell death, certain anti-cancer chemotherapy 
drugs can induce an immunostimulatory form of cell death, 
called immunogenic cell death (ICD). Indeed, various anti- 
myeloma drugs, such as cyclophosphamide, doxorubicin, 
and proteasome inhibitors, are reported to trigger ICD.72,73 

Mechanistically, these drugs trigger the exposure and 
release of immunostimulatory damage-associated molecular 
patterns (DAMPs) from dying tumor cells. These DAMPs 
include adenosine triphosphate (ATP), nuclear proteins, and 
exposure of calreticulin (an ER-localized protein).72 

Together with other tumor antigens released from dying 
tumor cells, these DAMPs promote the maturation of 
DCs, providing vaccine effects in the cancer-immunity 
cycle (step 1 and step 2). In preclinical myeloma models, 
adaptive immunity is indispensable for the optimal effica-
cies by bortezomib, cyclophosphamide, and LCL161, an 
inhibitor for IAP (inhibitors of apoptosis protein).23,50,73 

More recently, Gulla et al showed that bortezomib stimu-
lated the cGAS/STING pathway and production of type 
I IFNs, and that a STING agonist, ADU-S100, could 
potentiate bortezomib-mediated anti-myeloma immunity.73 
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These results highlight that ICD induced by anti-myeloma 
agents fuels the immune-mediated control of myeloma. 
However, detrimental impacts of these chemotherapies 
should be considered, such as lymphodepletion (by alkylat-
ing agents) and down-regulation of MHC-I (by proteasome 
inhibitors).46 In this context, tumor-specific killing by anti-
body-drug conjugates might be a potential approach to 
maximize the therapeutic benefits of ICD while preserving 
viability and functions of non-malignant lymphocytes.74,75

The ascorbic effect by radiation therapy is also 
explained by immunogenic tumor cell death and subse-
quent stimulation of anti-tumor immunity. Growing pre-
clinical and clinical evidence supports that radiation 
therapy augments the efficacies of immune checkpoint 
inhibitors in solid malignancies.76 Recently, Kazandjian 

et al reported only modest clinical benefits of anti-PD-L1 
and concomitant hypofractionated radiotherapy in patients 
with relapsed and refractory MM.77 Nevertheless, radia-
tion therapy might act as an optimal partner for other 
immunotherapeutics due to its ability to modulate the 
tumor microenvironment.

Enhancing Phagocytosis
Signal regulatory protein α (SIRPα) is known to negatively 
regulate macrophage phagocytosis through the recognition 
of CD47, a ligand frequently overexpressed on hematolo-
gical tumor cells. Thus, blocking the interaction between 
CD47 and SIRPα can stimulate macrophage 
phagocytosis.61 Indeed, anti-CD47 in combination with 
rituximab (anti-CD20 mAb) has shown promising clinical 
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anti-PD-1/PD-L1
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Cytotoxic drugs
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Radiation 

Anti-CD38
Anti-CD47
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ant-PD-1/PD-L1
anti-LAG-3

CAR-T

Phagocytosis

Immunogenic cell death
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Figure 2 Therapeutic approaches to stimulate the cancer-immunity cycle in multiple myeloma. A schematic illustrating how anti-myeloma therapies differentially stimulate 
the cancer-immunity cycle. Myeloma antigen-presentation can be augmented by immunogenic cell death inducers, enhancing phagocytosis or DC-based vaccine. Regulatory 
T (Treg) cells are critical regulators for T-cell priming, and thus mAbs against CTLA-4 or CD38 stimulate T-cell priming. Immunomodulatory drugs and immune checkpoint 
inhibitors improve recognition and killing of myeloma cells by cytotoxic lymphocytes. Chimeric antigen receptor (CAR) T-cell therapies and bispecific T-cell engager 
antibodies allow T cells to recognize and eliminate tumor cells in a MHC-independent fashion. Autologous stem cell transplant has pleiotropic impacts on the cancer- 
immunity cycle.
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responses in patients with non-Hodgkin’s lymphoma.78 

Importantly, CD47 blockade can also trigger CD8 T cell- 
dependent control of tumors by stimulating cross-priming 
by DCs,79 supporting that targeting phagocytosis check-
point augments step 1 and step 2 in the cancer-immunity 
cycle. In MM patients, several CD47 inhibitors are being 
tested as a monotherapy or in combination with bortezo-
mib and dexamethasone (NCT04445701 and 
NCT03530683).

Immunomodulatory Drugs
Together with immunomodulatory functions, thalidomide 
analogues (such as lenalidomide and pomalidomide) have 
multifaceted anti-tumor effects by inhibiting tumor prolif-
eration, anti-angiogenesis, and inhibiting pro- 
inflammatory cytokine production.80 The key molecular 
mechanism of immunomodulatory drugs is explained by 
their direct binding to cereblon (a substrate receptor for 
the E3 ubiquitin ligase), followed by proteasome degrada-
tion of the zinc finger transcription factors of Ikaros 
(IKZF1) and Aiolos (IKZF3). The direct anti-myeloma 
activity of thalidomide analogues is explained by the fact 
that proteasomal degradation of IKZF1 and IKZF3 leads 
to transcriptional repression of MYC and IRF4 (interferon 
regulatory factor 4), both of which are key players for 
myeloma survival and proliferation. As IKZF1 and IKZF3 
act as transcriptional repressors of the IL2 gene, thalido-
mide analogues can augment IL-2 production from 
T cells.81 Additionally, they can directly augment NK cell- 
mediated cytotoxicity against tumor cells.82 The activation 
of NK cells triggers the formation of actin mesh-like 
structure, through which lytic granules and vesicles con-
taining IFN-γ are released toward tumor cells. 
Lenalidomide increases the opening of the actin mesh- 
like structure, promoting granule exocytosis in NK 
cells.83 The positive impact on cytotoxic activity is also 
supported by clinical efficacies of thalidomide analogues 
in combination with anti-SLAMF7 mAb (elotuzumab) that 
elicits ADCC by NK cells.84,85 Lenalidomide also aug-
ments the efficacy of CAR T-cell therapy in a preclinical 
model.86 These results indicate that immunomodulatory 
drugs critically support the final step of the cancer- 
immunity cycle (step 7). Moreover, thalidomide analogues 
hamper induction of MDSCs and Treg cells,87,88 high-
lighting multifaceted impacts on the cancer-immunity 
cycle.

Autologous Stem-Cell Transplantation 
(ASCT)
Growing evidence supports that the clinical benefits of 
ASCT are not simply explained by the cytoreductive 
effects of high-dose chemotherapy. ASCT pleiotropically 
enhances the cancer-immunity cycle by inducing ICD, 
increasing the generation of antigen-specific T cells, and 
resulting in T cell-dependent control of myeloma.89,90 

Using mass cytometry-based immune profiling, Kourelis 
et al showed that the early post-ASCT period was asso-
ciated with the immunosuppressive status characterized by 
an increase in senescence or exhausted T-cell subsets and 
activated Treg cells.91 Among T-cell subsets, CD8 T cells 
undergo rapid homeostatic proliferation after ASCT, as 
supported by the fact that an inverted CD4/CD8 ratio is 
observed for nearly one year after ASCT.92 Importantly, 
the emergence of T cells with an exhausted/senescent 
phenotype predicts disease relapse after ASCT,92 suggest-
ing that T cells might be actively implicated in post-ASCT 
immunosurveillance. More recently, Lee et al reported an 
expansion of effector and memory T cells subsets post- 
ASCT, which was associated with a skewed TCR 
repertoire.93 Together, cytoreduction and immune- 
reconstitution by ASCT might favor the generation and 
expansion of myeloma antigen-specific T cells. In this 
context, immunomodulatory drugs are widely used as 
post-ASCT consolidation and maintenance therapies to 
help antigen-specific T cells responses to eliminate malig-
nant plasma cells. To accelerate T cell-mediated control of 
residual MM cells, CAR-T therapies and bispecific T-cell 
engagers are being tested as post-ASCT therapies.89,94

Anti-CD38 Monoclonal Antibodies 
(mAbs)
Anti-CD38 monoclonal antibodies (mAbs) (daratumumab 
and isatuximab) have multiple anti-tumor mechanisms, 
including direct apoptosis by cross-linking stimulation, 
antibody-dependent cellular phagocytosis (ADCP) by 
macrophages, ADCC by NK cells, and complement- 
dependent cytotoxicity.95,96 Additionally, anti-CD38 
mAbs deplete CD38-expressing immunosuppressive sub-
sets, including Treg cells.97 Compared to daratumumab, 
isatuximab is known to potently suppress the enzymatic 
activity of CD38, reducing the generation of immunosup-
pressive adenosine.98 Given that adenosine inhibits effec-
tor lymphocyte functions as well as ADCC and ADCP,99 

preventing adenosine generation might provide additional 
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therapeutic benefits. The immunostimulatory effects of 
anti-CD38 mAbs have been supported by an increase in 
cytotoxic lymphocytes expressing high levels of 
granzymeB100 and by an increase of TCR clonality after 
daratumumab therapy.97 Thus, anti-CD38 mAbs pleiotro-
pically modulate the cancer-immunity cycle in MM.

Immune Checkpoint Inhibitors (ICIs)
It is appreciated that anti-CTLA-4 blockade mainly acts on 
T-cell priming (step 3), while anti-PD-1/PD-L1 blockade 
can target effector lymphocytes in peripheral tissues (step 
6 and step 7).64 As described previously, these ICIs have 
shown limited clinical efficacies in patients with MM. 
Still, there is a possibility that these ICIs bring some 
clinical benefits in combination with other modalities. 
The balance between TIGIT and DNAM-1 provides 
important implications for myeloma immunotherapies. In 
addition to tumor recognition and cytotoxicity, blocking 
TIGIT might also improve T-cell priming by modulating 
Treg cell activities and tolerogenic DCs functions.53 LAG- 
3 (lymphocyte-activation gene 3) is recognized as a major 
immune checkpoint molecule upregulated on BM T cells 
in relapsed MM patients after ASCT.93,101 Due to its high 
affinity to pMHC-II complexes, LAG-3 inhibits the activa-
tion of CD4 T cells at the interface between T cells and 
APC.47 More recently, a liver-secreted protein called fibri-
nogen-like protein 1 (FGL1) was identified as a ligand of 
LAG-3,102 providing a mechanistic insight into how LAG3 
blockade can reinvigorate exhausted CD8 T cells in com-
bination with other immune checkpoint inhibitors. It 
remains to be clarified whether the FGL1-mediated 
immune regulation contributes to T-cell dysfunction in 
MM. Currently, anti-TIGIT mAb and anti-LAG-3 mAb 
are being tested in clinical trials in patients with 
relapsed/refractory MM (NCT04150965).

CAR T-Cell Therapies and Bispecific 
T-Cell Engagers
BCMA-directed CAR T-cell therapies and bispecific T-cell 
engagers are designed to recognize BCMA on malignant 
plasma cells by single-chain variable domain fragments 
(scFv) derived from anti-BCMA mAb. CARs deliver signal 
1 (eg, via CD3ζ chain domain) and signal 2 (via CD28 and/or 
4-1BB domain), leading to activation of T cells. In bispecific 
T-cell engagers, bispecific antibodies bind to malignant 
plasma cells by one arm containing anti-BCMA scFv, and 
trigger the activation of cytotoxic T cells by another arm 

containing anti-CD3 scFv.103 Both CAR T-cell therapies 
and bispecific T-cell engagers can stimulate T cells in an 
MHC-independent manner, bypassing the multiple steps of 
the cancer-immunity cycle. The first FDA-approved anti- 
BCMA CAR T-cell therapy (idecabtagene vicleucel) has 
demonstrated clinical benefits with an overall response rate 
of ~73% in patients with relapsed/refractory MM.104 Other 
BCMA-directed CAR T-cell therapies and bispecific T-cell 
engagers also demonstrated promising clinical responses in 
clinical trials.103 However, relapse remains a major issue, 
which might be explained by multiple mechanisms including 
loss of BCMA antigen, selection of BCMA-negative clones, 
T-cell dysfunction or the immunosuppressive 
microenvironment.105–107 In this context, other myeloma 
antigens have been identified as potential targets, such as 
activated integrin β7 and GPRC5D (G-protein-coupled 
receptor family C group 5 member D).108,109 Additionally, 
dual targeting approaches are actively being tested, such as 
APRIL-based CAR-T (targeting BCMA and TACI),110 com-
bined infusion of anti-CD19 and anti-BCMA CAR-T,111 and 
co-targeting BCMA with SLAMF7 or CD38.111,112 In addi-
tion to down-regulation of antigens, overcoming T-cell 
intrinsic dysfunction remains a key for better clinical 
efficacies.6,112 In this context, off-the-shelf allogeneic 
CAR-T cell therapies are actively being tested in clinical 
trials (NCT04093596 and NCT04142619). More recently, 
allogeneic cord blood-derived CAR NK cell therapy has 
shown impressive responses in CD19+ B-cell 
malignancies.113 These approaches will not only broaden 
the utility of CAR-based therapies but also reveal new com-
bination strategies for better outcomes.

Concluding Remarks
Despite the recent success of immunotherapies, it is still 
challenging to achieve cure by myeloma immunotherapies. 
One of the major advantages of CAR-T cell therapies and 
bispecific T-cell engager antibodies is their ability to recog-
nize tumor cells in an MHC-independent fashion; however, 
eliciting antigen-specific T cells might also be required for 
preventing relapse after cessation of these therapies. In this 
context, combining different therapeutic modalities is 
a rational approach. Alternatively, given that T-cell dysfunc-
tion critically limits adaptive immunity against MM, harnes-
sing innate anti-tumor immunity by NK cells and 
macrophages might overcome immunotherapeutic resistance 
in MM. Overall, an in-depth understanding of the cancer 
immunity cycle will provide a clue for better clinical effica-
cies of myeloma therapeutics.
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