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Preface

Multiple myeloma is a malignant disease characterized by the proliferation of clonal 
plasma cells in the bone marrow and by the secretion of monoclonal immuno-
globulins detected in the serum or urine. Considerable advances have been made
in understanding the biology of multiple myeloma through the study of the bone
marrow microenvironment. The bone marrow niche appears to play an important
role in differentiation, migration, proliferation, survival, and drug resistance of
the malignant plasma cells. In multiple myeloma, malignant plasma cells colonize
and modify the bone marrow microenvironment through cytokine production
and interactions with other cell types. Multiple myeloma cells induce myeloid-
derived suppressor cells (MDSC) development and survival. MDSCs promote
tumor growth and induce immune suppression. Moreover, antimyeloma therapies
such as dexamethasone, melphalan,  cyclophosphamide, or immunomodulatory
drugs can expand and potentiate MDSC immunosuppressive effects. In contrast to
these agents, daratumumab depletes MDSCs. Therefore, MDSC suppression could 
become an important strategy for potentiation of the efficacy of novel immunother-
apies (e.g., chimeric antigen receptor T cells or T-cell engager bispecific antibodies). 
Daratumumab, a CD38 antagonist, functions through different mechanisms of
action including an immune-mediated effect (antibody-dependent cytotoxicity; 
complement-dependent cytotoxicity; antibody-dependent phagocytosis). It can
also cause apoptosis through a direct antitumor effect. New findings have helped 
the development of novel therapeutic drugs for use in combination with cytostatic
therapy. Engineering a proper transgenic mouse model for multiple myeloma is very
important for understanding biology by defining the relevance of specific genetic
lesions in tumorigenesis and the interaction between malignant cells and their
surrounding microenvironment. This book discusses all these areas. The introduc-
tory chapter deals with selinexor, approved in combination with dexamethasone
at earlier relapse. Chapter 2 provides a review of prognostic and predictive factors
in newly diagnosed multiple myeloma. Chapter 3 discusses treatment approaches
for multiple myeloma. Chapters 4–6 introduce antibody therapies for multiple
myeloma and, finally, Chapter 7 analyzes three-dimensional (3D) models mimicking
multiple myeloma bone marrow–microenvironment interactions.

Ota Fuchs, PhD
Institute of Hematology and Blood Transfusion,

Department of Genomics,
Prague, Czech Republic
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Chapter 1

Introductory Chapter: Oral 
Selinexor, a Selective Inhibitor of 
Nuclear Export in the Treatment 
of Patients with Multiple Myeloma 
Refractory to Proteasome 
Inhibitors, Immunomodulatory 
Agents and Monoclonal 
Antibodies
Ota Fuchs

1. Introduction

The export of proteins from the nucleus to the cytoplasm plays an important 
role in the development of cancer and drug resistance [1–3]. The major mammalian 
nuclear export receptor protein is exportin 1 (XPO1, also known as chromosomal 
maintenance 1/ CRM1/) [1–5]. The crystal structure of this protein showed a 
complex with the Ran protein (Ras-related nuclear protein) bound to GTP [6, 7]. 
XPO1 interacts also with nucleoporins in the nuclear pore complex and transports 
multiple tumor suppressor proteins (eg p53, FOXO, p21 pRB, BRCA1/2), growth 
regulators, and oncoprotein mRNAs (eg c-myc, Bcl-xL, MDM2, cyclins) containing 
a leucine rich nuclear export signal (NES) (Figure 1) [8]. XPO1 is also involved in 
regulation of cytoplasmic localization and translation of c-myc and other onco-
protein mRNAs (eg cyclin D1, Bcl-6, Mdm2, and Pim) through complexing with 
eukaryotic initiation factor 4E (eIF4E) [9]. The XPO1 protein level is increased 
in many types of cancer including multiple myeloma [10–13]. As a result of the 
increased nuclear-cytoplasmic transport in cancer cells, an elevated level of multi-
ple tumor suppressor proteins and oncoproteins in the cytoplasm leads to advanced 
disease, resistance to therapy, and poor survival. Thus, XPO1 is a promising cancer 
drug target. Leptomycin B (LMB) is a Streptomyces metabolite that inhibits the 
function of XPO1 in NES-dependent nuclear export of proteins [14]. However, 
clinical studies found serious side effects of LMB. In order to find a more specific 
inhibitor of XPO1 without side effects, many natural and synthetic compounds 
have been tested. These compounds include selinexor (KPT-330, XPOVIO™), 
verdinexor (KPT-335), KPT-185, KPT-276, KPT-251, and KPT-8602 [15–18]. These 
agents are a family of small molecules that block nuclear export through covalent 
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binding to cysteine 528 (Cys528) in the cargo proteins NES-binding pocket of 
exportin1 and contribute to cancer cell death [15]. All these drugs have been devel-
oped by Karyopharm Therapeutics Inc., Natick, MA.

Figure 1. 
Exportin 1-mediated nuclear export in multiple myeloma; Abbreviations: Ran-GDP and Ran-GTP – GDP 
or GTP bound Ras related factor; NPC – nuclear pore complex; SINE - selective inhibitor of nuclear 
export; FOXO – a subgroup of the Forkhead family of transcription factors, p53 – a tumor suppressor 
protein and transcription factor; XPO1 – exportin 1, also known as chromosomal maintenance 1 (CRM1); 
(A) XPO1 transports nuclear proteins out of the nucleus. Cargo proteins such as FOXO or p53 that are 
marked for export from the nucleus bind a pocket in XPO1 in the presence of the activated small G-protein, 
Ran. The active Ran-GTP-XPO1-cargo complex is exported from the nucleus through the nuclear pore 
complex driven by the concentration gradient of Ran-GTP across the nuclear membrane. Once in the 
cytoplasm, Ran-GTP is hydrolyzed to Ran-GDP, and the XPO1-cargo complex dissociates. (B) SINE 
compounds (Hexagons) bind to XPO1-Cys528 and occupy the cargo-binding pocket of XPO1 and prevent 
formation of the Ran-GTP-XPO1-cargo complex. The result is increased nuclear localization of tumor 
suppressor cargo proteins and upregulation of their transcriptional activity [15].
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2. Selinexor-a small molecule exportin 1 inhibitor

The structural formula of selinexor is shown in Figure 2. Selinexor is a first 
member of small molecule oral inhibitors of exportin 1 developed for the treatment 
of cancer. Selinexor in combination with a synthetic glucocorticoid dexamethasone 
was approved by the FDA (U.S. Food and Drug Administration) on July 3, 2019 
for the treatment of adult patients with relapsed or refractory multiple myeloma 
(RRMM) who have received at least four prior therapies. Selinexor synergizes 
with dexamethasone and inhibits the mTOR pathway and subsequently induces 
cell death in multiple myeloma cells [19]. Selinexor increases the expression of 
glucocorticoid receptor and in combination with dexamethasone stimulates 
transcriptional activity of the glucocoticoid receptor [19]. Selinexor is studied in 
clinical trials also in many hematological and solid cancers [20–24]. The treatment 
with selinexor in preclinical and clinical studies resulted in nuclear localization of 
tumor suppressor proteins (eg p53 and FOXO3A), induced apoptosis and decreased 
proliferation. Selinexor reduces the expression of DNA damage repair proteins and 
sensitizes cancer cells to DNA damaging agents [25]. Selinexor blocks the transcrip-
tion factor NF-κB and induces ribosomal stressby disruption of ribosomal subunits 
assembly [26].

Selinexor is orally bioavailable with a mean half-life 6–8 h after a single dose. 
Selinexor pharmacokinetics are not significantly affected by age, sex, ethnicity, 
renal impairment or mild hepatic impairment. Most frequent adverse events associ-
ated with selinexor treatment are thrombocytopenia, fatigue, nausea, anemia, 
decreased appetite, decreased weight, diarrhoea, vomiting, hyponatremia, neutro-
penia, leukopenia, constipation, dyspnoea, and upper respiratory tract infection.

3.  The phase II STORM trial with selinexor plus low-dose 
dexamethasone in patients with multiple myeloma pretreated 
with bortezomib, carfilzomib, lenalidomide, pomalidomide, 
daratumumab, and an alkylating agent

Selinexor demonstrated small single-agent activity with an overall response 
rate achieved in 4% (2/57 heavily pre-treated patients with RRMM (about six prior 
therapies)) [27]. The response was considerably increased from 4 to 50% (6/12) 
when selinexor was combined with dexamethasone in a phase I trial in patients with 
advanced hematological malignancies (NCT 01607892) [27]. The phase II STORM 
trial (NCT02336815) with selinexor and dexamethasone combination in heav-
ily pre-treated patients with RRMM had relatively quick responses. The primary 

Figure 2. 
Chemical structure of selinexor (alternative names: ATG-010, KPT-330, ONO7705, XPOVIO, CRM1 nuclear 
export inhibitor). Chemical name: (Z)-3-(3-(3,5-bis(trifluoromethyl)phenyl-1H-1,2,4-triazol-1-yl)-N´-
(pyrazin-2-yl)acrylohydrazide.
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endpoint was overall response. Patients were given twice weekly oral doses of 
selinexor (80 mg) and dexamethasone (20 mg) in 28-day cycles [28, 29]. An overall 
response was recorded in 21% patients (16/78) or 26% (32/122) and median dura-
tion of response was 5 months. Patients required a lot of supportive care to mange 
many side effects. The most common adverse event was thrombocytopenia.

4.  A multicenter, open-label, phase 1b/2, dose escalation trial STOMP in 
patients with relapsed or refractory multiple myeloma with a median 
of three prior therapies

The STOMP trial (NCT02343042) is a five arms study of selinexor, dexametha-
sone and either lenalidomide, pomalidomide, bortezomib, carfilzomib or daratu-
mumab for the treatment of relapsed or refractory multiple myeloma with median 
of three prior therapies in order to evaluate the safety, tolerability and efficacy of 
these combinations, determining the maximum tolerated dose, the recommended 
phase 2 dose, overall response rate (ORR), and progression-free survival (PFS) 
[23, 24, 26]. Individual arms were described in abstracts No. 726, 1366, and 1393 on 
ASH 2020 meeting.

5.  The randomized open-label, phase III international BOSTON trial in 
patients with relapsed or refractory multiple myeloma with a median 
of two prior therapies

The combination of selinexor and bortezomib once per week plus dexametha-
sone twice per week (SVd) was compared with bortezomib twice per week in 
combination with dexamethasone four times per week for the first six months and 
one half of this dose thereafter (Vd) [30]. Median PFS was longer with selinexor 
treatment: 13.93 months versus 9.46 months in the Vd group. The improvements 
in survival and response rates with selinexor were associated with higher rates of 
adverse events [30].

This work was supported by the project for conceptual development of research 
organisation No 00023736 (Institute of Hematology and Blood Transfusion) from 
the Ministry of Health of the Czech Republic.
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endpoint was overall response. Patients were given twice weekly oral doses of 
selinexor (80 mg) and dexamethasone (20 mg) in 28-day cycles [28, 29]. An overall 
response was recorded in 21% patients (16/78) or 26% (32/122) and median dura-
tion of response was 5 months. Patients required a lot of supportive care to mange 
many side effects. The most common adverse event was thrombocytopenia.

4.  A multicenter, open-label, phase 1b/2, dose escalation trial STOMP in 
patients with relapsed or refractory multiple myeloma with a median 
of three prior therapies

The STOMP trial (NCT02343042) is a five arms study of selinexor, dexametha-
sone and either lenalidomide, pomalidomide, bortezomib, carfilzomib or daratu-
mumab for the treatment of relapsed or refractory multiple myeloma with median 
of three prior therapies in order to evaluate the safety, tolerability and efficacy of 
these combinations, determining the maximum tolerated dose, the recommended 
phase 2 dose, overall response rate (ORR), and progression-free survival (PFS) 
[23, 24, 26]. Individual arms were described in abstracts No. 726, 1366, and 1393 on 
ASH 2020 meeting.

5.  The randomized open-label, phase III international BOSTON trial in 
patients with relapsed or refractory multiple myeloma with a median 
of two prior therapies

The combination of selinexor and bortezomib once per week plus dexametha-
sone twice per week (SVd) was compared with bortezomib twice per week in 
combination with dexamethasone four times per week for the first six months and 
one half of this dose thereafter (Vd) [30]. Median PFS was longer with selinexor 
treatment: 13.93 months versus 9.46 months in the Vd group. The improvements 
in survival and response rates with selinexor were associated with higher rates of 
adverse events [30].

This work was supported by the project for conceptual development of research 
organisation No 00023736 (Institute of Hematology and Blood Transfusion) from 
the Ministry of Health of the Czech Republic.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

5

Introductory Chapter: Oral Selinexor, a Selective Inhibitor of Nuclear Export in the Treatment…
DOI: http://dx.doi.org/10.5772/intechopen.96945

[1] Turner JG, Sullivan DM. CRM1 
mediated nuclear export of proteins 
and drug resistance in cancer. 
Current Medicinal Chemistry. 
2008; 15(26): 2648-2655. DOI: 
10.2174/092986708786242859

[2] Nguen KT, Holloway MP, Altura RA. 
The CRM1 nuclear export protein 
in normal development and disease. 
International Journal of Biochemistry 
and Molecular Biology. 2012; 3(2): 137-
151. PMID: 22773955/ISSN: 2152-4114/ 
IJBM 1204001

[3] Turner JG, Dawson J, Cubitt CL, 
Baz R, Sullivan DM. Inhibition of 
CRM1-dependent nuclear export 
sensitizes malignant cells to cytotoxic 
and targeted agents. Seminars in Cance 
Biology. 2014; 27: 62-73. DOI: 10.1016/j.
semcancer.2014.03.001

[4] Gravina GL, Senapedis W, Mc 
Cauley D, Baloglu E, Shacham S, 
Festuccia C. Nucleo-cytoplasmic transport 
as a therapeutic target of cancer. Journal 
of Hematology & Oncology. 2014; 7: 85. 
DOI: 10.1186/s13045-014-0085-1

[5] Lu C, Figueroa JA, Liu Z, Konala V,  
Aulakh A, Verma R, et al. Nuclear 
export as a novel therapeutic target: 
the CRM1 connection. Current 
Cancer Drug Targets. 2015; 15(7): 
575-592. DOI: 10.2174/15680096150715
0828223554

[6] Monecke T, Güttler T, Neumann P, 
Dickmanns A, Görlich D, Ficner R. 
Crystal structure of the nuclear export 
receptor CRM1 in complex with 
Snurportin1 and RanGTP. Science. 
2009; 324(5930): 1087-1091. DOI: 
10.1126/science.1173388

[7] Monecke T, Dickmanns A, Ficner R. 
Allosteric control of the exportin CRM1 
unraveled by crystal structure analysis. 
FEBS Journal. 2014; 281(18): 4179-4194. 
DOI: 10.1111/febs.12842

[8] Fung HY, Chook YM. Atomic basis 
of CRM1-cargo recognition, release 
and inhibition. Seminars in Cancer 
Biology. 2014; 27: 52-61. DOI: 10.1016/
semcancer.2014.03.002

[9] Volpon L, Culjkovic-Kraljacic B, 
Sohn HS, Blanchet-Cohen A, 
Osborne MJ, Borden KLB. A 
biochemical framework for eIF4E-
dependent mRNA export and nuclear 
recycling of the export machinery. RNA. 
2017; 23(6): 927-937. DOI: 10.1261/
rna.060137.116

[10] Schmidt J, Braggio E, Kortuem KM,  
Egan JB, Zhu YX, Xin CS, et al. 
Genome-wide studies in multiple 
myeloma identify XPO1/CRM1 as 
a critical target validated using the 
selective nuclear export inhibitor KPT-
276. Leukemia. 2013; 27(12): 2357-2365. 
DOI: 10.1038/leu.2013.172

[11] Muqbil I, Azmi AS, 
Mohammad RM. Nuclear export 
inhibition for pancreatic cancer therapy. 
Cancers (Basel). 2018; 10(5): 138. DOI: 
103390/cancers10050138

[12] Chanukuppa V, Paul D, 
Taunk K, Chatterjee T, Sharma S, 
Kumar S, et al. XPO1 is a critical player 
for bortezomib resistance in multiple 
myeloma: A quantitative proteomic 
approach. Journal of Proteomics. 
2019; 209: 103504. DOI: 10.1016/j.
prot.2019.103504

[13] Taylor J, Sendino M, Gorelick AN, 
Pastore A, Chang MT, Penson AV, 
et al. Altered nuclear export signal 
recognition as a driver of oncogenesis. 
Cancer Discovery. 2019; 9(10): 
1452-1467. DOI: 10.1158/2159-8290.
CD-19-0298

[14] Kudo N, Wolff B, Sekimoto T, 
Schreiner EP, Yoneda Y, Yanagida M,  
et al. Leptomycin B inhibition of signal-
mediated nuclear export by direct 

References



Multiple Myeloma

6

binding to CRM1. Experimental Cell 
Research. 1998; 242(2): 540-547. DOI: 
10.1006/excr.1998.4136

[15] Parikh K, Cang S, Sekhri A, Liu D. 
Selective inhibitors of nuclear export 
(SINE)-a novel class of anti-cancer 
agents. Journal of Hematology & 
Oncology. 2014; 7: 78. DOI: 10.1186/
s13045-014-0078-0

[16] Gandhi UH, Senapedis W, 
Baloglu E, Unger TJ, Chari A, Vogl D, 
Cornell RF. Clinical implications of 
targeting XPO1-mediated nuclear 
export in multiple myeloma. Clinical 
Lymphoma, Myeloma & Leukemia. 
2018; 18(5): 335-345. DOI: 10.1016/j.
clml.2018.03.003

[17] Allegra A, Innao V, Allegra AG, 
Leanza R, Musolino C. Selective 
inhibitors of nuclear export in the 
treatment of hematologic malignancies. 
Clinical Lymphoma, Myeloma & 
Leukemia. 2019; 19(11): 689-698. DOI: 
10.1016/j.clml.2019.08.011

[18] Nachmias B, Schimmer AD. 
Targeting nuclear import and export in 
hematological malignancies. Leukemia. 
2020; 34(11): 2875-2886. DOI: 10.1038/
s41375-020-0958-y

[19] Argueta C, Kashyap T, Klebanov B,  
Unger TJ, Guo C, Harrington S, et al.  
Selinexor synergizes with 
dexamethasone to repress mTORC1 
signaling and induce multiple 
myeloma cell death. Oncotarget. 2018; 
9(39): 25529-25544. DOI: 10.18632/
oncotarget.25368

[20] Syed YY. Selinexor: first global 
approval. Drugs. 2019; 79(13): 1485-
1494. DOI: 10.1007/s40265-019-01188-9

[21] Peterson TJ, Orozco J, Buege M. 
Selinexor: A first-in-class nuclear export 
inhibitor for management of multiply 
relapsed multiple myeloma. Annals of 
Pharmacotherapy. 2020; 54(6): 577-582. 
DOI: 10.1177/1060028019892643

[22] Podar K, Shah J, Chari A, 
Richardson PG, Jagannath S. Selinexor 
for the treatment of multiple myeloma. 
Expert Oinion on Pharmacotherapy. 
2020; 21(4): 398-408. DOI: 
10.1080/14656566.2019.1707184

[23] Richter J, Madduri D, Richard S, 
Chari A. Selinexor in relapsed/refractory 
multiple myeloma. Therapeutic 
Advances in Hematology. 2020; 11: 1-10. 
DOI: 10.1177/2040620720930629

[24] Benkova K, Mihalyova J, Hajek R, 
Jelinek T. Selinexor, selective inhibitor 
of nuclear export: unselective bullet for 
blood cancers. Blood Reviews. 2020; on 
line ahead of print Sep 15; 100758. DOI: 
10.1016/j.blre.2020.100758

[25] Kashyap T, Argueta C, Unger TJ, 
Klebanov B, Debler S, Senapedis W, 
et al. Selinexor reduces the expression 
of DNA damage repair proteins and 
sensitizes cancer cells to DNA damaging 
agents. Oncotarget. 2018; 9(56): 30773-
30786. DOI: 10.18632/oncotarget.25637

[26] Bahlis NJ, Sutherland H, White D, 
Sebag M, Lentzsch S, Kotb R, et al. 
Selinexor plus low-dose bortezomib 
and dexamethasone for patients 
with relapsed or refractory multiple 
myeloma. Blood. 2018; 132(24): 
2546-2554. DOI: 10.1182/
blood-2018-06-858852

[27] Chen C, Siegel D, Guttierrez M, 
Jacoby M, Hofmeister CC, Gabrail N, 
et al. Safety and efficacy of selinexor in 
relapsed or refractory multiple myeloma 
and Waldenstrom macroglobulinemia. 
Blood. 2018; 131(8): 855-863. DOI: 
10.1182/blood-2017-08-797886

[28] Vogl DT, Dingli D, Cornell RF, 
Huff CA, Jagannath S, Bhutani D, 
et al. Selective inhibition of nuclear 
export with oral selinexor for treatment 
of relapsed or refractory multiple 
myeloma. Journal of Clinical Oncology. 
2018; 36(9): 859-866. DOI: 10.1200/
JCO.2017.75.5207

7

Introductory Chapter: Oral Selinexor, a Selective Inhibitor of Nuclear Export in the Treatment…
DOI: http://dx.doi.org/10.5772/intechopen.96945

[29] Chari A, Vogl DT,  
Gavriatopoulou M, Naoka AK, 
Yee AJ, Huff CA, et al. Oral selinexor-
dexamethasone for triple class 
refractory multiple myeloma. The 
New England Journal of Medicine 
2019; 381(8): 727-738. DOI: 10.1056/
NEJMoa1903455

[30] Grosicki S, Simonova M, Spicka I, 
Pour L, Kriachok I, Gavriatopoulou M, 
et al. Once-per-week selinexor, 
bortezomib, and dexamethasone 
versus twice-per-week bortezomib 
dexamethasone in patients with 
multiple myeloma (BOSTON): a 
randomised, open-label, phase 3 trial. 
Lancet. 2020; 396(10262): 1563-1573. 
DOI: 10.1016/S0140-6736(20)32292-3.



Multiple Myeloma

6

binding to CRM1. Experimental Cell 
Research. 1998; 242(2): 540-547. DOI: 
10.1006/excr.1998.4136

[15] Parikh K, Cang S, Sekhri A, Liu D. 
Selective inhibitors of nuclear export 
(SINE)-a novel class of anti-cancer 
agents. Journal of Hematology & 
Oncology. 2014; 7: 78. DOI: 10.1186/
s13045-014-0078-0

[16] Gandhi UH, Senapedis W, 
Baloglu E, Unger TJ, Chari A, Vogl D, 
Cornell RF. Clinical implications of 
targeting XPO1-mediated nuclear 
export in multiple myeloma. Clinical 
Lymphoma, Myeloma & Leukemia. 
2018; 18(5): 335-345. DOI: 10.1016/j.
clml.2018.03.003

[17] Allegra A, Innao V, Allegra AG, 
Leanza R, Musolino C. Selective 
inhibitors of nuclear export in the 
treatment of hematologic malignancies. 
Clinical Lymphoma, Myeloma & 
Leukemia. 2019; 19(11): 689-698. DOI: 
10.1016/j.clml.2019.08.011

[18] Nachmias B, Schimmer AD. 
Targeting nuclear import and export in 
hematological malignancies. Leukemia. 
2020; 34(11): 2875-2886. DOI: 10.1038/
s41375-020-0958-y

[19] Argueta C, Kashyap T, Klebanov B,  
Unger TJ, Guo C, Harrington S, et al.  
Selinexor synergizes with 
dexamethasone to repress mTORC1 
signaling and induce multiple 
myeloma cell death. Oncotarget. 2018; 
9(39): 25529-25544. DOI: 10.18632/
oncotarget.25368

[20] Syed YY. Selinexor: first global 
approval. Drugs. 2019; 79(13): 1485-
1494. DOI: 10.1007/s40265-019-01188-9

[21] Peterson TJ, Orozco J, Buege M. 
Selinexor: A first-in-class nuclear export 
inhibitor for management of multiply 
relapsed multiple myeloma. Annals of 
Pharmacotherapy. 2020; 54(6): 577-582. 
DOI: 10.1177/1060028019892643

[22] Podar K, Shah J, Chari A, 
Richardson PG, Jagannath S. Selinexor 
for the treatment of multiple myeloma. 
Expert Oinion on Pharmacotherapy. 
2020; 21(4): 398-408. DOI: 
10.1080/14656566.2019.1707184

[23] Richter J, Madduri D, Richard S, 
Chari A. Selinexor in relapsed/refractory 
multiple myeloma. Therapeutic 
Advances in Hematology. 2020; 11: 1-10. 
DOI: 10.1177/2040620720930629

[24] Benkova K, Mihalyova J, Hajek R, 
Jelinek T. Selinexor, selective inhibitor 
of nuclear export: unselective bullet for 
blood cancers. Blood Reviews. 2020; on 
line ahead of print Sep 15; 100758. DOI: 
10.1016/j.blre.2020.100758

[25] Kashyap T, Argueta C, Unger TJ, 
Klebanov B, Debler S, Senapedis W, 
et al. Selinexor reduces the expression 
of DNA damage repair proteins and 
sensitizes cancer cells to DNA damaging 
agents. Oncotarget. 2018; 9(56): 30773-
30786. DOI: 10.18632/oncotarget.25637

[26] Bahlis NJ, Sutherland H, White D, 
Sebag M, Lentzsch S, Kotb R, et al. 
Selinexor plus low-dose bortezomib 
and dexamethasone for patients 
with relapsed or refractory multiple 
myeloma. Blood. 2018; 132(24): 
2546-2554. DOI: 10.1182/
blood-2018-06-858852

[27] Chen C, Siegel D, Guttierrez M, 
Jacoby M, Hofmeister CC, Gabrail N, 
et al. Safety and efficacy of selinexor in 
relapsed or refractory multiple myeloma 
and Waldenstrom macroglobulinemia. 
Blood. 2018; 131(8): 855-863. DOI: 
10.1182/blood-2017-08-797886

[28] Vogl DT, Dingli D, Cornell RF, 
Huff CA, Jagannath S, Bhutani D, 
et al. Selective inhibition of nuclear 
export with oral selinexor for treatment 
of relapsed or refractory multiple 
myeloma. Journal of Clinical Oncology. 
2018; 36(9): 859-866. DOI: 10.1200/
JCO.2017.75.5207

7

Introductory Chapter: Oral Selinexor, a Selective Inhibitor of Nuclear Export in the Treatment…
DOI: http://dx.doi.org/10.5772/intechopen.96945

[29] Chari A, Vogl DT,  
Gavriatopoulou M, Naoka AK, 
Yee AJ, Huff CA, et al. Oral selinexor-
dexamethasone for triple class 
refractory multiple myeloma. The 
New England Journal of Medicine 
2019; 381(8): 727-738. DOI: 10.1056/
NEJMoa1903455

[30] Grosicki S, Simonova M, Spicka I, 
Pour L, Kriachok I, Gavriatopoulou M, 
et al. Once-per-week selinexor, 
bortezomib, and dexamethasone 
versus twice-per-week bortezomib 
dexamethasone in patients with 
multiple myeloma (BOSTON): a 
randomised, open-label, phase 3 trial. 
Lancet. 2020; 396(10262): 1563-1573. 
DOI: 10.1016/S0140-6736(20)32292-3.



9

Chapter 2

Prognostic and Predictive Factors 
in Newly Diagnosed Multiple 
Myeloma Patients with Early 
Mortality with Prediction Matrix 
and Three and Five-Year Overall 
Survival
Howard R. Terebelo and Leo Reap

Abstract

Survival rates for newly diagnosed multiple myeloma have increased to a 
remarkable 8–12 years. Novel agents, autologous stem cell transplantation, mono-
clonal antibodies, improvements in supportive care and attention to minimal resid-
ual disease negative all have aided this remarkable journey. With these treatments 
we are identifying tools to achieve complete remissions. Prognostic factors have an 
important role in selecting proper patient approaches for trial designs. Prognostic 
and predictive clinical biomarkers have shaped staging and treatment selections for 
newly diagnosed multiple myeloma. Here we review the Early Mortality Prediction 
Matrix to identify those at risk of an early death (<6 months) incorporating both 
disease biology with patient fitness. We also review current standards of care for 
multiple myeloma and provide a three and five-year overall survival prediction 
matrix. We review benefits for MRD negativity and Next-Gen Sequencing. These 
tools will help clinicians improve upon reducing early mortality in newly diagnosed 
multiple myeloma patients and provide further framework for improving survival 
by assessing clinical, biologic and individual multiple myeloma patients.

Keywords: newly diagnosed multiple myeloma, prediction matrix, 
prognostic factors, prediction factors, progression-free survival, early mortality, 
novel agents, next-gen sequencing, overall survival

1. Introduction-early mortality

The current era of advances in multiple myeloma (MM) identifies a subset of 
newly diagnosed multiple myeloma (NDMM) patients with early mortality (EM) 
within the first 6 months of diagnosis [1–6].

Prognostic and predictive risk factors have been identified by the International 
Myeloma Working Group (IMWG) based upon the LDH, international staging 
system (ISS), Stage III disease and adverse cytogenetics [7]. Limitations of this 
study include patients limited to autologous stem cell transplantation (SCT) 
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which included only 40% of all patients. Prediction matrix models based upon 
those created for cardiovascular disease and rheumatoid arthritis [8, 9] which can 
calculate the risk of specific outcomes such as mortality allowing the differential 
weighting of risk factors. We can identify patients at risk with NDMM for EM to 
provide insight in applying different treatment approaches. Prediction tools have 
been applied in other hematologic malignancies to predict EM. In AML, prediction 
factors have improved treatment paradigms [10]. In diffuse large B-cell lymphoma, 
cell of origin and molecular markers along with PET scans have provided earlier 
treatment interventions to improve outcomes [11, 12].

Real World patients often differ from those enrolled in clinical trials. These 
patients tend to be older and less fit, have more co-morbidities and less often SCT 
candidates [13]. An observational patient registry allows broad patient charac-
teristics and treatment outcomes while assessing NDMM patient characteristics, 
biology, co-morbidities and treatments for progression-free survival (PFS) and 
overall survival (OS) [13–16].

2. Early mortality in the Connect MM Registry

The Connect MM Registry reported on more than 3000 NDMM to identify and 
characterize EM. The first cohort included the first 1500 patients. Data was collected 
from an unselected patient population from routine clinical practices (81% commu-
nity and 18% academic). Here a prognostic tool to assess the risk of EM based upon 
weighting of risk factors in elderly, SCT and non-SCT eligible patients was created 
to construct an Early Mortality Prediction Matrix (EMPM). See Figure 1.

For the 102 NDMM patients with EM, 39.2% (2.7% of total enrolled) were 
due to MM progression and 32.9% were related to non-causes. Common causes of 
death included heart failure, pneumonia, infections, and renal failure. The other 

Figure 1. 
A color-coded guide for the clinician identifies which patient (in red) who are at highest risk for EM within six 
months of diagnosis compared to green and yellow patients who are lowest risk.
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28.4% died of other causes or unknown. For those patients surviving more than 
six months causes of deaths were due to MM (58%) with 5% due to non-myeloma 
causes. The patients with EM received less triplet therapy (30% vs. 44.7%) and 
more radiation (24.5% vs. 15.3%) compared with longer surviving patients. EM 
patients were sicker and less likely to receive triplet therapy.

3. Conclusions

Prior to the era of novel agents, the incidence of EM in NDMM was 10–14% 
[1, 5, 17, 18]. Novel agents, supportive care, and SCT have improved PFS and OS. 
The promise of CAR-T therapy, monoclonal antibodies and unique agent BCMA 
directed against tumor necrosis super family member 17 suggest ongoing improve-
ment for NDMM patients. Key management issues and controversies in EM patients 
in NDMM patients were passionately presented by Gonsalves [19]. Here the authors 
defined EM occurring in phase III trials and outlined key management issue strate-
gies for NDMM to mitigate EM and summarizing those patients most at risk. The 
EMPM here describes parameters to identify NDMM patients at risk for EM, pitfalls 
in treatment and opportunities to formally address EM in clinical trials.

The prognosis of NDMM patients depends upon staging, patient features, 
disease biology and treatment outcomes [3]. Risk stratification utilizes the Revised-
International Staging System (R-ISS) as devised by the IMWG. The R-ISS is appli-
cable for long-term prognosis but cannot identify those at risk for EM with NDMM 
[20]. Issues with the R-ISS include a point-based system which is disease specific 
factors which cannot assess the relative individual of each factor and does not 
account for patient-specific risk factors. The frailty score, as in the R-ISS, is a point-
based system that combines age, functional status and co-morbiditites to predict 
long-term survival and treatment feasibility in elderly patients with NDMM [20]. 
Combining the frailty score with the R-ISS stage improves the prognostic value 
for each score to predict long-term survival. However, neither score alone or when 
combined has been used to predict NDMM patients at highest risk for EM.

Prognostic studies provide clinicians with a better understanding of the relation-
ship in NDMM patients between the aggressiveness of disease and survival. There 
are significant gaps in our understanding the optimum ways to risk-stratify NDMM 
patients when incorporating patient and disease-specific risk factors along with 
combining the relative contributions of individual risk factors. Existing point-based 
systems make it difficult to accurately predict outcomes in patients who have a 
combination of standard and high-risk characteristics [20–23]. Additionally, point-
based models are primarily based upon data from interventional clinical trials that 
may not be representative of Real World NDMM patient populations. The EMPM 
model here allows differential weighting of the impact of the individual patients 
and disease-specific risk-factors [24–29].

Patient co-morbidities have been associated with higher mortality in various 
clinical trials of patients with MM [4, 30–37]. For some NDMM patients, co-
morbiditites are both a direct cause of death and places patients at risk for early 
disease-related mortality by limiting their ability to tolerate therapy [4, 31, 33, 34]. 
Though the decline the EM to 6.8% reflects the benefit of novel agents and sup-
portive care there are other considerations here. NDMM patients with EM tend to be 
older and poorer in health with higher rates of co-morbidities (especially diabetes), 
greater burden of disease, and high-risk features cytogenetics and Stage III disease. 
The EMPM demonstrates that a lower mobility score, age > 75, history of hyperten-
sion, thrombocytopenia, higher ECOG performance status, high ISS disease stage 
and renal insufficiency were associated with a higher likelihood of EM. Multivariate 
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Figure 1. 
A color-coded guide for the clinician identifies which patient (in red) who are at highest risk for EM within six 
months of diagnosis compared to green and yellow patients who are lowest risk.
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sion, thrombocytopenia, higher ECOG performance status, high ISS disease stage 
and renal insufficiency were associated with a higher likelihood of EM. Multivariate 
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analysis did not independently find anemia, del(17q) mutation, low self-care score 
from EQ-SD, hypercalcemia, diabetes and R-ISS score, beta-2 microglobulin and 
albumin did not predict EM. NDMM patients with EM received more radiation 
therapy which delayed the initiation of therapy and limited their ability to receive 
triplet therapy. The EMPM has been validated by bootstrapping for internal cross- 
validation [38–40]. A high degree of concordance was observed when applying 
the model using data from patients form the Phase 3 MM-015 trial and the phase 3 
FIRST trial despite more rigorous eligibility criteria [41].

This matrix has the potential to be a clinically useful tool for NDMM patients 
who are at risk for EM and for analyses of specific patient populations, selection of 
therapy, identification of new targets for treatment and standardized comparisons 
between trials.

High-quality systematic research to identify patients at risk for EM have not been 
studied prospectively. The EMPM is the first weight-based model that accounts 
for both patient and disease-specific risk factors. This model can facilitate early 
recognition for NDMM patients at high risk for EM to assist physician selection of 
personalized treatments, avoidance of nephrotoxic agents, monitoring of steroid 
dosing in diabetic patients, prompt initiation of doublet or triplet therapy and 
limiting radiation fields when applicable and the use of prophylactic antibiotics. The 
EMPM can be applied in routine clinical practice and considered in a risk-adaptive 
approach. Clinical trials of reducing EM patients in NDMM can be designed for new 
areas of research.

4. Three and five-year overall survival in NDMM

Over the past 60 years, dramatic changes have been made in the treatment of 
multiple myeloma. These advances have radically altered the disease landscape and 
prognosis for newly diagnosed patients, turning a previously untreatable illness 
toward one of a chronic disease [42]. Here we discuss a brief history of treatments 
and prognostic features in NDMM, the development of novel treatment regimens, 
and the use of a prediction matrix in 3-year, and 5-year overall survival (OS).

4.1 Historical background of prognostic features

In 1850, Dr. Henry Bence Jones described the first case of myeloma. His patient 
presented with fatigue, arthralgias, and polyuria. His urine was found to precipi-
tate an unusual protein upon healing, now known as Bence Jones protein. In 1873, 
Rustizky was found to have multiple osseous masses in a similar patient, giving 
rise to the name multiple myeloma. In 1889, Kahler presented a large review of the 
disease, leading it to be called Kahler disease. Over the subsequent several decades, 
advances in x-ray imaging, microscopy, and electrophoresis allowed for further 
characterization of the disease. In 1953, immunoelectrophoresis identified excess 
monoclonal heavy and/or light chains as characteristic for the disease process seen 
in multiple myeloma [43]. 

Untreated, NDMM has a median overall survival of two years. In 1958, Blokhin 
introduced chemotherapy in MM with a mixture of racemic phenylalanine and 
nitrogen mustards like sacrosine. In 1962, Bergsagel pioneered the use of melphalan 
and glucocorticoids, creating the combination of melphalan with prednisone (MP), 
still in use today. However, complete remissions (CR) were rare. In 1983, McElwain 
and Powles introduced the use of high-dose therapy with melphalan, with CR 
achieved in a proportion of patients [44]. Those who achieved CR with MP had a 
median survival of eight years.
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Despite the initial advances, the median OS remained at about three years. 
Remarkably, the current median OS now ranges from 8 to 12 years [45]. However, 
individual outcomes are varied, with 20% of patients surviving less than 2 years 
and 40% surviving more than 10 years after diagnosis [46]. Considerable advances 
in understanding of the pathobiology of multiple myeloma over this time have 
greatly aided in the ability to select prognostic factors in NDMM. Advances in treat-
ment that have been contributed greatly to survival are reviewed below.

4.2 Prognosis in NDMM

For many years, the factors contributing to the highly variable prognosis in 
myeloma were unclear. Early on, immunoglobulin isotype was shown to play a 
role in prognosis, with monoclonal 1gA production (21%) associated with a worse 
prognosis [47]. The degree of plasma cell burden is only an issue in plasma cell 
leukemia [48, 49].

In 1975, the Durie-Salmon staging system was adopted, stratifying individuals 
by relative plasma cell burden (anemia), hypercalcemia, number of lytic lesions 
visible on x-ray, and serum urine M-protein levels [50]. However, the number of 
lytic lesions on x-ray is observer-dependent and created challenges with respect to 
enrollment and reproducibility between trials.

Thirty years later in 2005, Griepp and colleagues established the international 
staging system (ISS), utilizing the beta-2 microglobulin level and albumin level to 
appropriately risk-stratify patients. The ISS can predict EFS and OS regardless of 
age, geographic region, study site, standard-dose vs. high-dose therapy (HDT), or 
the use of novel agents [51].

Discovery of specific cytogenetic abnormalities correlates with prognosis in 
multiple myeloma and overall survival. Plasma cells typically have a low-prolif-
erative index, and so cytogenetic abnormalities are detected in a small number of 
patients. Interphase FISH was found to be useful in identifying specific cytogenetic 
aberrations [52].

4.3 1gH rearrangements

As the heavy chain of the immunoglobulin molecule is constitutively activated 
on the 14th chromosome within plasma cells, translocations involving the immuno-
globulin heavy chain haven been shown to play a strong role in myeloma pathogen-
esis and occur in up to half of NDMM patients. Among these 1gH translocations, 
five appear to be recurrent: t(4;14) and t(11;14), t(4;16) and t(14;20) [53]. The 
translocations t(4;14) and t(11;14) are not the most common abnormalities involv-
ing the 1gVH gene in myeloma, each seen in approximately 15% of patients. These 
translocations lead to overexpression of FGRF3 and BCL2, respectively. T(4;14) is 
regarded as high-risk abnormality with inferior median OS. t(11;14) and hyper-
diploidy have been reported in some studies to predict a more favorable outcome. 
T(11;14) is observed in 16–24% of MM patients and has specifically gained interest 
with the use of the novel agent venetoclax, a BCL2 inhibitor. Currently, the use of 
venetoclax was stopped due to an early signal for increased death in early clinical tri-
als due to a higher rate of infections [54]. A large, US, multicenter prospective obser-
vational cohort study did not demonstrate any impact of t(11;14) on PFS, or OS 
[55]. Further clinical trials investigating its use in myeloma are currently pending. 
T(14;16) and T(14;20) are relatively rare, seen in approximately 1.5–3% of patients 
and lead deregulation of the oncogenes c-MAF and MAFAB, respectively. Though a 
pivotal trial from the Mayo Clinic was suggestive of poor prognostic correlation with 
the presence of t(14;16), larger series are uncertain [53].
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translocations t(4;14) and t(11;14) are not the most common abnormalities involv-
ing the 1gVH gene in myeloma, each seen in approximately 15% of patients. These 
translocations lead to overexpression of FGRF3 and BCL2, respectively. T(4;14) is 
regarded as high-risk abnormality with inferior median OS. t(11;14) and hyper-
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4.4 del (13)

Though commonly seen in association with other cytogenetic abnormalities in 
NDMM, del(13) alone does not predict poor outcomes. When occurring in MGUS 
and SMM it does not influence progression to myeloma. The finding has called 
into question the use of del(13) in NDMM prognostication [56]. However in the 
presence of concomitant t(4;14) or del17p, poor prognosis is suggested

del(17p).
The loss of the short term arm of chromosome 17, or del(17p), leads to loss of 

TP53 and appropriate DNA repair. 17p deletions occur in 8–10% of NDMM patients 
and has remained a poor risk feature not over by current use of novel therapies. 
Without adequate DNA repair function, the rate of clonal mutagenesis and sub-
sequent treatment resistance rises more rapidly. Del(17p) is acquired at a median 
of 35.6 months after the time of diagnosis, with a median PFS of 5.4 months after 
acquisition. Consequently, as compared to non-del(17p) patients, median OS is 
significantly worse [57, 58].

4.5 Hyperdiploidy and other cytogenetic abnormalities

In recent years, high-throughput genomic studies using SNP or CGH arrays have 
accelerated our understanding of genetic changes within NDMM. Hyperdiploidy 
generally confers a more favorable prognosis in NDMM. The presence of certain 
trisomies, such as trisomy 3 and trisomy 5, may partially abrogate the negative 
prognostic features of other cytogenetic abnormalities. In contrast, the presence 
of trisomy 21 may potentiate the effects of negative prognostic features. Recently 
identified chromosomal abnormalities, such as gain of 1q and loss of 1q have also 
been shown to predict for poorer outcomes. One univariate analysis identified 
poorer prognosis with deletions of 1p, 2p, 14q, 16q, and 22q. Conversely, amplifica-
tions of chromosome 5, 11, 15 and 19 were associated with improved outcomes 
[56]. Chromosome 1q gain has become the most important chromosomal gain 
abnormality. In a recent update, high risk cytogenetics are presently considered to 
be del(17p), a p53 mutation, t(4;14), t(14;16),or gain 1q [59]. Similar to lymphoma, 
the presence of any two or three risk factors is considered ‘double-hit’ or ‘triple-hit’ 
myeloma, respectively.

In 2015, with the advent of cytogenetic profiles, a revised version of the ISS 
(R-ISS) was adopted, incorporating LDH and high-risk cytogenetics of t(4;14), 
t(14;16), and del(17p) into the scoring system [60, 61]. These objective systems 
have allowed for more reproducible results and the ability to more accurately 
compare patients within clinical trials [61].

However, establishment of baseline disease characteristics are critical for long 
term prognosis [62]. These newer staging systems do not account for several fea-
tures that have been shown to correlate to long-term outcomes in myeloma, such as 
the use of novel myeloma therapies, triplet therapy, autologous stem cell transplant, 
patient performance status, renal function, a history of diabetes, or MRD status.

Novel agents in multiple myeloma have allowed for significant progress in the 
treatment of newly diagnosed patients, with more than doubling of the average 
survival with less toxicity [47].

a. Alkylating agents

In the early 1960’s melphalan and cyclophosphamide were the first alkylating 
agents introduced in the treatment of NDMM demonstrated equivalent activ-
ity. In 1972, Harley evaluated other alkylating agents in NDMM, with the use 
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of melphalan, carmustine, and cyclophosphamide, melphalan and prednisone. 
(MP) was established as the gold standard for treatment, paving the way to 
several decades of comparison against other combinations of agents, includ-
ing cyclophosphamide, carmustine, vincristine, and adriamycin. Ultimately, 
combination therapies improved the response rate in NDMM but did not 
improve OS compared to MP. MP has a response rate of 50–60%, median 
PFS of 18 months, and an OS of 30–60 months [63]. To date, melphalan and 
cyclophosphamide remain effective treatment options and are commonly used 
in autologous stem-cell transplant conditioning. Combination alkylating agent 
regimens (such as VD-PACE or VDT-PACE) remain typically reserved for more 
aggressive disease, as in plasma cell leukemia or refractory MM.

b. Glucocorticoids

Glucocorticoids directly induce apoptosis of plasma cells. This is believed to 
occur via induction of IkB production that negatively regulates NFkB, result-
ing in downregulation of IL-6 and other pro-inflammatory cytokines, which 
facilitates apoptosis of the myeloma clones. In the late 1960’s prednisone was 
added to melphalan, but adoption was slowed due to concerns over the known 
osteoporosis effect of chronic steroid therapy [44]. Since then, glucocorticoids 
(particularly dexamethasone) have remained a backbone of therapy. Single-
agent dexamethasone is no longer advocated in the treatment of NDMM.

c. IMiDs

An international, randomized phase III trial demonstrated that thalidomide 
with dexamethasone was superior to dexamethasone alone, with an ORR or 
63% vs. 46% and a PFS of 14.9 months vs. 6.5 months [59]. FDA approval 
in the USA in 1998 of Thalidomide was cautiously accepted due to historical 
concerns regarding the drug-associated phocomelia was displayed in infants 
30 years earlier as antiemetic therapy in pregnancy. Thalidomide is used 
throughout Europe to date in the treatment of myeloma. Lenalidomide was 
FDA approved in 2005 based upon rate and lower toxicity profile on a retro-
spective single-institution case–control study of lenalidomide-dexamethasone 
vs. thalidomide dexamethasone demonstrated lenalidomide was better toler-
ated, had a higher ORR of 80% vs. 61%, higher VGPR rate 34 vs. 12%, and 
improved PFS of 27 months vs. 17 months, establishing lenalidomide with 
dexamethasone as an appropriate induction option [64]. In 2013, pomalido-
mide, a second-generation IMiD, was developed for use in relapsed/refractory 
disease. Though shown to have clear activity in NDMM via several immuno-
modulation pathways, the precise mechanism of action of these agents remain 
elusive. Irreversible peripheral neuropathy and increased thrombotic risk 
remain primary side effects of these agents. Prophylaxis with low-dose aspirin 
daily is adequate prevention.

d. Proteasome inhibitors

The primary function of plasma cells is to produce immunoglobulin, which 
occurs on a constitutive basis and requires assembly within 26 s proteasome. 
Excess accrual of protein within the cell creates proteotoxic stress, leading to 
cell apoptosis and death. As a result, proteasome inhibitors have been shown to 
have potent efficacy within the treatment of myeloma. Bortezomib, a boron-
containing dipeptide, was the first proteasome inhibitor to be introduced for 
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of melphalan, carmustine, and cyclophosphamide, melphalan and prednisone. 
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cell apoptosis and death. As a result, proteasome inhibitors have been shown to 
have potent efficacy within the treatment of myeloma. Bortezomib, a boron-
containing dipeptide, was the first proteasome inhibitor to be introduced for 
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the treatment of multiple-myeloma. Monotherapy bortezomib FDA approval 
in 2003 demonstrated an ORR of 27% and a 10% CR rate. In combination with 
dexamethasone, ORR improved to 88% and CR + VGPR rate of 19%, with a 
1-year OS of 87% [65]. Other proteasome inhibitors, including carfilzomib 
and ixazomib, have been developed and are FDA approved in the relapsed-
refractory setting.

Emerging novel agents and therapies

e. Within the past 5 years, several agents have become available in the treatment of 
multiple myeloma. Notable agents, Dartumumab, a monoclonal antibody against 
CD-38, has displayed promising efficacy. Belantamab mafadotin, an antibody-
drug conjugate between the B-cell maturation antigen (BCMA) and MMAF 
(a chemotherapy payload) was recently FDA approved for relapsed/refractory 
disease. BCMA CAR-T cell therapy also shows promise in the relapsed/refractory 
setting. Though not yet approved in NDMM, these agents, along with others, 
show promise in the treatment of newly-diagnosed and relapsed-refractory 
patients.

In 2005, OS in NDMM was 4.6 years, increasing to 6.1 years by 2010. Over the 
past decade, the adoption of immunomodulatory agents and proteasome inhibi-
tors in triplet therapy extended median OS to greater than 7 years. These gains 
were predominantly driven by triplet therapy in the elderly and by reducing early 
mortality in the disease [53, 66].

4.6 Triplet therapy

For many years, monotherapy or doublet regimens were commonly used in the 
treatment of NDMM. However, with the progressive development of the previously 
discussed treatment options over the past decades, numerous clinical trials have 
investigated their use in combination in two-, three-, and four-drug regimens in an 
attempt to achieve deeper reductions in clonal disease burden. Generally, three-
drug combinations (i.e., VCD, VRD, VTD) have been shown to derive the highest 
ORR and VGPR compared with two-drug regimens and remain the standard of care 
for fit patients prior to autologous stem cell transplantation (SCT). A Southwest 
Oncology Group trial randomized 525 patients to either RVD or RD and maintained 
on RD until progression, with the three-drug combination displaying a better 
median PFS of 43 months vs. 30 months and median OS 75 vs. 64 months (HR 0.7, 
p = 0.025). As part of triplet therapy, lenalidomide, bortezomib, and dexametha-
sone (RVD) currently remain standard of care for induction. Though the addition 
of a fourth drug has not yet shown clear benefit to date, its use likely marks the 
future, with daratumumab-containing regimens appearing promising. Recently, the 
GRIFFIN trial compared daratumumab with RVD vs. RVD in NDMM and demon-
strated that D-RVD significantly improved strict CR rates and MRD-negativity in 
transplant-eligible patients [67].

4.7 Autologous stem cell transplant

In the early 1980’s, high dose therapy (HDT) with melphalan followed by 
autologous stem cell transplant (SCT) was performed by McElwain on a patient 
with plasma cell leukemia. This demonstrated some benefit, but initial adop-
tion was limited due to toxicity of the transplantation process. In the late 1980’s, 
Barlogie further investigated the use of SCT and developed the framework for 
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SCT in the 1980’s and 1990’s as part of the standard of care for eligible patients 
following induction. This led to several prospective, randomized clinical trials in 
the 1990’s which demonstrated superior ORR, PFS, and OS in individuals up to 
age 65, whereas others demonstrated no survival advantage. Today, SCT following 
induction therapy in eligible patients remains standard of care. Steady advances in 
SCT outcomes have occurred over the past 30 years, with patients treated in 2014 
or later having superior OS and reduced excess risk for MM death. Second stem cell 
transplantation may be considered in those with progression-free survival (PFS) 
or more than three years. Similarly models have supported the potential for cure, 
estimated at 6.3% to 31.3% depending on the year of treatment [55]. Whether novel 
agents will supplant HDT followed by SCT backed by minimal residual disease 
(MRD) continues to be explored. Consideration of myeloablative regimens beyond 
high-dose melphalan is another venue to be explored for increasing and deepening 
the CR and MRD negative status.

4.8 Solitary plasmacytoma

Solitary plasmacytomas are uncommon and account for only 6% of all plasma 
cell neoplasms. They are defined as the presence of a single osseous lesion (medul-
lary) or in the soft tissue outside of the bone (extramedullary) without evidence 
of bone marrow, clonal plasmacytosis, or CRAB criteria. The incidence of solitary 
plasmacytomas has increased with increased radiographic imaging use over the 
past thirty years; incidence increased by 10% from 1999 to 2004 as compared to 
1992–1998. Patients with less than 10% plasma cells by bone marrow biopsy can be 
managed with therapies against the solitary lesion alone, typically 40–50 cGy of 
radiation or surgical excision alone depending on the location. These patients will 
eventually progress to MM over the subsequent years but have a generally favorable 
prognosis, with PFS 63% at 10 years. Extramedullary plasmacytoma has an even 
more favorable prognosis with myeloma-specific death seen in less than one-third 
of patients. Progression to MM typically occurs within 5 years from initial diagno-
sis. Features suggestive of high risk for progression include persistent monoclonal 
protein after treatment of the solitary lesion, detectable clonal plasma cells in the 
bone marrow, age 40–60 years old, and individuals of African-American descent. 
Despite the marked difference in long-term prognosis to NDMM, previous staging 
systems have not accounted for the presence or absence of solitary plasmacytoma at 
diagnosis [68].

4.9 Performance status

Baseline performance status has long been understood to play a prominent role 
in prognosis in NDMM, with unfit patients often remaining ineligible for SCT, the 
use of triplet therapy, and certain novel therapies. Without these therapies, disease 
control is less common, and outcomes are worsened. Furthermore, clinical trials 
commonly select for fit patients (typically.

ECOG 0–1), reducing the generalization of data to community setting, where 
less fit patients are encountered with greater frequency.

4.10 Renal function

Baseline renal function in NDMM patients is an essential part of long-term 
prognosis. Impaired renal function at baseline limits the usage of novel agents 
that can be administered, as many are renally cleared. Persistent renal dysfunc-
tion limits what therapeutic options are available and thus long-term outcomes 
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are worse [69]. As cyclophosphamide is hepatically cleared, cyclophosphamide, 
bortezomib, and dexamethasone remains standard induction regimen in indi-
viduals with compromised renal function. Melphalan, which is cleared through 
spontaneous hydrolysis, is another renal-independent therapeutic option. 
Previous risk-stratification systems have not addressed this conundrum with 
renal dysfunction.

4.11 Diabetes

Comorbidities present in NDMM patients play a strong role in what therapies 
may be available [70]. Diabetes mellitus, owing to concomitant progressive renal 
dysfunction and peripheral neuropathy, may limit the use or dose of certain novel 
therapies. Both IMiDs and proteasome inhibitors may worsen peripheral neuropa-
thy, potentially limiting the dose able to be given or as a class altogether depending 
on the severity of neuropathy. Diabetic nephropathy poses similar limitations.

4.12 Minimal residual disease

In every NDMM patient, there are an average of 3 to 5 clones present. These 
clones undergo mutations at varying degrees throughout the treatment course, 
with progression of disease presenting expansion of resistant clones over time. As a 
result, multiple myeloma is not considered to be a curable disease, and so an evolv-
ing treatment aim has been for maximal disease burden reduction [71]. The ability 
to reduce disease burden beneath the threshold of detection, known as minimal 
residual disease (MRD), has been shown to be an important prognostic indicator 
for survival and long-term outcomes. MRD has traditionally been detected by flow 
cytometry (sensitive to 104 cells) and next generation sequencing (NGS) (sensitive 
106 cells). An evolving consensus is that achieving MRD-negative status at the time 
of induction therapy should be the goal of therapy. Though not-yet involved in 
staging systems, MRD-focused treatment assessments are becoming increasingly 
important with time [72].

4.13 Next-generation sequencing

NGS when it comes to FISH (seq-FISH) has improved sensitivity and similar 
specifically relative to clinical FISH studies and appears to identify a higher number 
of high-risk NDMM patients. These studies are currently ongoing to incorporate 
into routine staging systems [4, 29].

4.14 Predictive models in NDMM

Multiple advances in long-term survival have been made over time, with the 
potential for cure by some models. Heterogeneity of prognostic factors in multiple 
myeloma makes accurate prognostication difficult on an individual level. As a 
result, the use of prediction matrix and prognostic tools have aided our ability to 
assess overall survival. Furthermore, owing to the selection bias present within 
clinical trials populations, survival estimates derived from clinical trials limit the 
applicability to all “Real World” patients. The CONNECT  registry was created as 
a prognostic model for OS in an unselected community and academic setting [66]. 
Prognostic models should take into account myeloma biology, patient comorbidities 
and include performance status and mobility assessment [73]. Next Gen Sequencing 
will offer a more comprehensive approach to treatment and the goal of a MRD 
negative NDMM patient.
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Abstract

Multiple Myeloma (MM) is the most common malignant neoplasm of plasma 
cells that accumulate in bone marrow, leading to bone destruction and marrow 
failure. Clinical investigation of MM requires the evaluation of bone marrow for 
plasma cell infiltration, and detection and quantification of monoclonal protein 
in the serum or urine, and evidence for end-organ damage (i.e., hypercalcemia, 
renal insufficiency, anemia, or bone lesions). The overall goal of treatment of MM 
is to improve survival. The treatment landscape and clinical outcome of MM have 
changed in the last two decades, with an improved median survival of 8–10 years. 
Management of MM involves induction, consolidation, and maintenance therapy. 
Currently, Autologous stem cell transplant (ASCT) is considered as the standard 
care of treatment for newly diagnosed fit MM patients. Multiple combinations 
of proteasome inhibitors (PIs) and immunomodulatory drugs (IMIDs) such as 
Thalidomide, lenalidomide, and pomalidomide have been under evaluation in 
ASCT-eligible and ineligible settings, and studies are still ongoing. For patients with 
ASCT-eligible newly diagnosed MM, induction therapy with triple drugs should 
contain an IMiD, a PI, and a corticosteroid, usually lenalidomide-bortezomib-
dexamethasone. For ASCT-ineligible patients on lenalidomide with dexamethasone 
(Rd), with addition of bortezomib or daratumumab can be considered.

Keywords: Pharmacotherapy of Multiple Myeloma, Standard Treatment of Multiple 
Myeloma, Advances in Management of Multiple Myeloma

1. Introduction

Multiple Myeloma (MM) is the most common type of plasma cells cancer 
that mount up from bone marrows, and leads to osteodysfunction and marrow 
failure [1, 2]. It is second to non-Hodgkin lymphoma as the most common hema-
tologic malignancy [3]. Majority of the MM patients who develop Monoclonal 
Gammopathy of Undetermined Significance (MGUS) are initially pass through the 
stage of asymptomatic pre-malignancy [4, 5]. The conversion of MGUS to MM is 
around 1% per annum, and the more advanced form of pre-malignant stage termed 
as Smoldering (or indolent) MM (SMM) can also be seen in some patients, that has 
a progression rate of 10% per annum over the first 5 years of diagnosis, 3% per year 
over the following 5 years, and 1.5% per year thereafter [4–6].

The European Myeloma Network (EMN) provides recommendations for the 
management of the most common complications of MM. The whole body low-dose 
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computed tomography (LDCT) is now considered as novel in detecting lytic 
lesions, and more sensitive than conventional radiography in depicting osteolytic 
disease as per the recommendations of the EMN [7, 8].

The treatment landscape and clinical outcome of MM have changed in the 
last two decades, with an improved median survival of 8–10 years [9]. The initial 
impact seen with the introduction of three drugs, thalidomide, bortezomib, and 
lenalidomide [10]. Multiple combinations of proteasome inhibitors (PIs) like 
bortezomib, carfilzomib, and ixazomib; immunomodulatory drugs (IMIDs) such 
as Thalidomide, lenalidomide, and pomalidomide; corticosteroids (Cs) such as 
dexamethasone, prednisone; monoclonal antibodies (MAs) like Daratumumab 
and isatuximab; and alkylating agents such as melphalan, cyclophosphamide have 
been tried and evaluated in the transplant and non-transplant settings, and studies 
are still ongoing [9]. The approval of carfilzomib, pomalidomide, panobinostat, 
ixazomib, elotuzumab, and daratumumab by the Food and Drug Administration 
(FDA) for the treatment of relapsed multiple myeloma, in the last five years is an 
step closer to radical cure [10].

2. Diagnosis

Clinical investigation of MM requires the evaluation of bone marrow for plasma 
cell infıltration, and detection and quantification of monoclonal protein in the 
serum or urine, and evidence for end-organ damage (i.e., hypercalcemia, renal 
insuffıciency, anemia, or bone lesions) [11, 12]. This can be done by grouping the 
different diagnostic and prognostic factors measurable parameters, such as protein 
analysis, morphology, immunophenotyping, genetics and cytogenetics, and imag-
ing techniques (i.e., MRI, PET/CT) [11].

2.1 Staging in myeloma

According to the International Myeloma Working Group (IMWG) criteria, 
the diagnosis of MM requires a 10% or more clonal plasma cells infiltration of the 
bone marrow and/or a biopsy proven plasmacytoma plus any one or more of the 
myeloma defining events (MDE) which include end-organ damage, characterized 
by hypercalcemia, renal insufficiency, anemia, or bone lesions which attributable to 
the underlying plasma-cell disorder; bone marrow clonal plasma cells ≥60%; serum 
involved to uninvolved free light chain (FLC) ratio ≥ 100 (provided involved FLC 
level is ≥100 mg/L); or magnetic resonance imaging (MRI) result of more than 1 
focal lesion (5 mm or more in size) [10].

2.2 Revised international staging system for myeloma

The following staging is as per the IMWG [13].

1. Stage I MM patient will have (all of the following): normal serum lactate 
dehydrogenase level and without high cytogenetic features; and they will have 
serum beta-2-microglobulin of <3.5 mg/L and serum albumin level > 3.5 g/dL.

2. Stage II patient will have neither stage I or III criteria

3. Stage III MM patient will have serum beta-2-microglobulin >5.5 mg/L; and  
either high risk cytogenetics [t(4;14), t(14;16), or del(17p)] or an elevated 
serum lactate dehydrogenase level.
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Regimen Usual dosing schedulea

Lenalidomide-dexamethasone 
(Rd)

Lenalidomide 25 mg oral days 1–21 every 28 days
Dexamethasone 40 mg oral days 1, 8, 15, 22 every 28 days Repeated 
every 4 wk

Thalidomide-dexamethasone 
(Td)b

Thalidomide 200 mg oral days 1–28
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Bortezomib-melphalan-
prednisone (VMP)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15, 22
Melphalan 9 mg/m2 oral days 1–4
Prednisone 60 mg/m2 oral days 1 to 4
Repeated every 35 days

Pomalidomide-dexamethasone 
(Pom/Dex)

Pomalidomide 4 mg days 1–21
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 wk

Bortezomib- 
Cyclophosphamide-
Dexamethasoneb
(VCd or CyBord)

Cyclophosphamide 300 mg/m2 orally on days 1, 8, 15, and 22
Bortezomib 1.3 mg/m2 subcutaneous on days 1, 8, 15, 22
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeksc

Bortezomib-thalidomide-
dexamethasone (VTd)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15, 22
Thalidomide 100–200 mg oral days 1–21
Dexamethasone 20 mg oral on day of and day after bortezomib (or 
40 mg days 1, 8, 15, 22)
Repeated every 4 weeks 3 4 cycles as pretransplant induction therapy

Carfilzomib-
Cyclophosphamide-
Dexamethasone (KCd)

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/m2

(subsequent doses) intravenously on days 1, 2, 8, 9, 15, 16
Cyclophosphamide 300 mg/m2 orally on days 1, 8, 15
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeks

Bortezomib-Lenalidomide-
Dexamethasone (VRd)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15
Lenalidomide 25 mg oral days 1–14
Dexamethasone 20 mg oral on day of and day after bortezomib (or 
40 mg days 1, 8, 15, 22)
Repeated every 3 weeksd

Carfilzomib-Lenalidomide-
Dexamethasone (KRd)e

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/ m2 
(subsequent doses) intravenously on days 1, 2, 8, 9, 15, 16
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Carfilzomib-Pomalidomide-
Dexamethasone (KPd)e

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/ m2

(subsequent cycles) intravenously on days 1, 2, 8, 9, 15, 16
Pomalidomide 4 mg oral on days 1–21
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeks

Daratumumab-Lenalidomide-
Dexamethasone (DRd)

Daratumumab 16 mg/ kg intravenously weekly × 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Lenalidomide-Dexamethasone repeated in usual schedule every 4 weeks

Daratumumab-Bortezomib-
Dexamethasone (DVd)b

Daratumumab 16 mg/ kg intravenously weekly × 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Bortezomib 1.3 mg/m2 subcutaneous on days 1, 8, 15, 22
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Bortezomib-Dexamethasone repeated in usual schedule every 4 weeks
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focal lesion (5 mm or more in size) [10].

2.2 Revised international staging system for myeloma

The following staging is as per the IMWG [13].

1. Stage I MM patient will have (all of the following): normal serum lactate 
dehydrogenase level and without high cytogenetic features; and they will have 
serum beta-2-microglobulin of <3.5 mg/L and serum albumin level > 3.5 g/dL.

2. Stage II patient will have neither stage I or III criteria

3. Stage III MM patient will have serum beta-2-microglobulin >5.5 mg/L; and  
either high risk cytogenetics [t(4;14), t(14;16), or del(17p)] or an elevated 
serum lactate dehydrogenase level.
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Regimen Usual dosing schedulea

Lenalidomide-dexamethasone 
(Rd)

Lenalidomide 25 mg oral days 1–21 every 28 days
Dexamethasone 40 mg oral days 1, 8, 15, 22 every 28 days Repeated 
every 4 wk

Thalidomide-dexamethasone 
(Td)b

Thalidomide 200 mg oral days 1–28
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Bortezomib-melphalan-
prednisone (VMP)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15, 22
Melphalan 9 mg/m2 oral days 1–4
Prednisone 60 mg/m2 oral days 1 to 4
Repeated every 35 days

Pomalidomide-dexamethasone 
(Pom/Dex)

Pomalidomide 4 mg days 1–21
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 wk

Bortezomib- 
Cyclophosphamide-
Dexamethasoneb
(VCd or CyBord)

Cyclophosphamide 300 mg/m2 orally on days 1, 8, 15, and 22
Bortezomib 1.3 mg/m2 subcutaneous on days 1, 8, 15, 22
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeksc

Bortezomib-thalidomide-
dexamethasone (VTd)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15, 22
Thalidomide 100–200 mg oral days 1–21
Dexamethasone 20 mg oral on day of and day after bortezomib (or 
40 mg days 1, 8, 15, 22)
Repeated every 4 weeks 3 4 cycles as pretransplant induction therapy

Carfilzomib-
Cyclophosphamide-
Dexamethasone (KCd)

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/m2

(subsequent doses) intravenously on days 1, 2, 8, 9, 15, 16
Cyclophosphamide 300 mg/m2 orally on days 1, 8, 15
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeks

Bortezomib-Lenalidomide-
Dexamethasone (VRd)b

Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15
Lenalidomide 25 mg oral days 1–14
Dexamethasone 20 mg oral on day of and day after bortezomib (or 
40 mg days 1, 8, 15, 22)
Repeated every 3 weeksd

Carfilzomib-Lenalidomide-
Dexamethasone (KRd)e

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/ m2 
(subsequent doses) intravenously on days 1, 2, 8, 9, 15, 16
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Carfilzomib-Pomalidomide-
Dexamethasone (KPd)e

Carfilzomib 20 mg/m2 (days 1 and 2 of Cycle 1) and 27 mg/ m2

(subsequent cycles) intravenously on days 1, 2, 8, 9, 15, 16
Pomalidomide 4 mg oral on days 1–21
Dexamethasone 40 mg oral on days on days 1, 8, 15, 22
Repeated every 4 weeks

Daratumumab-Lenalidomide-
Dexamethasone (DRd)

Daratumumab 16 mg/ kg intravenously weekly × 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Lenalidomide-Dexamethasone repeated in usual schedule every 4 weeks

Daratumumab-Bortezomib-
Dexamethasone (DVd)b

Daratumumab 16 mg/ kg intravenously weekly × 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Bortezomib 1.3 mg/m2 subcutaneous on days 1, 8, 15, 22
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Bortezomib-Dexamethasone repeated in usual schedule every 4 weeks
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Different ranges of regimens have been developed to retard progression of 
disease using potentially effective in controlling and promising for survival. The 
most commonly used drug combinations are listed in Table 1.

2.3 Symptomatic versus asymptomatic myeloma

Urgent management of indolent myeloma is not recommended at the present 
time; rather treatment should be considered in all symptomatic patients with an 
active myeloma criteria (the CRAB criteria) (hypercalcaemia >11.0 mg/dl), creati-
nine >2.0 mg/ml, anemia (Hb < 10 mg/dL), active bone lesions), [9].

3. Goal of treatment

The overall goal of treatment of MM is to improve survival [14, 15]. A complete 
response (CR) has been observed only in few patients with conventional chemo-
therapy regimens. The use of high-dose therapy followed by ASCT and the advent 
of novel therapies, such as thalidomide, lenalidomide, and bortezomib gained much 
promises [14, 15], and with such treatment many patients are gaining the much 
needed improvement and CR. Studies reported that the success of CR correlates with 

Regimen Usual dosing schedulea

Daratumumab-Pomalidomide-
Dexamethasone (DPd)

Daratumumab 16 mg/kg intravenously weekly 3 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Pomalidomide 4 mg oral on days 1–21
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Repeated every 4 weeks

Elotuzumab-Lenalidomide-
Dexamethasone (ERd)

10 mg/ kg intravenously weekly × 8 weeks, and then every 2 weeks
Lenalidomide 25 mg oral days 1–21
Dexamethasone per prescribing information
Lenalidomide-Dexamethasone repeated in usual schedule every 4 weeks

Ixazomib-Lenalidomide-
Dexamethasone (IRd)

Ixazomib 4 mg oral days 1, 8, 15
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Panobinostat-Bortezomibb Panobinostat 20 mg oral three times a week 3 2 weeks
Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15
Repeated every 3 weeks

aAll doses need to be adjusted for performance status, renal function, blood counts, and other toxicities.
bDoses of dexamethasone and/or bortezomib reduced based on other data showing lower toxicity and similar efficacy 
with reduced doses; subcutaneous route of administration of bortezomib preferred based on data showing lower 
toxicity and similar efficacy compared to intravenous administration.
cThe day 22 dose of all 3 drugs is omitted if counts are low, or after initial response to improve tolerability, or when 
the regimen is used as maintenance therapy; When used as maintenance therapy for high risk patients, further delays 
can be instituted between cycles.
dOmit day 15 dose if counts are low or when the regimen is used as maintenance therapy; When used as maintenance 
therapy for high risk patients, lenalidomide dose may be decreased to 10–15 mg per day, and delays can be instituted 
between cycles as done in total therapy protocols.
eCarfilzomib can also considered in a once a week schedule of 70 mg/m2 on days 1, 8 and 15 every 28 days (cycle 1, 
day 1 should be 20 mg/m2); Day 8, 9 doses of carfilzomib can be omitted in maintenance phase of therapy after a 
good response to improve tolerability; KCd dosing lowered from that used in the initial trial which was conducted in 
newly diagnosed patients.

Table 1. 
Major treatment regimens in multiple myeloma [9, 10].
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survival, and hence the role of CR as an endpoint in myeloma therapy is becoming 
prominence. It should also be noted that the benefit of CR is not the same with all 
treatment regimens [15, 16]. Emerging evidence with novel medications showed that 
continued treatment has resulted in prolong CR and improved response [16].

4. Management of newly diagnosed cases

Currently, for fit newly diagnosed MM patients (NDMM), autologous stem 
cell transplant (ASCT) considered as the standard care of treatment. But it should 
be noted that there is also a remarkable results obtained from the non-transplant 
setting with novel agent-based treatment, which later raised questions as to the role 
of upfront versus delayed ASCT [9].

Numerous rescue alternatives that incorporate distinctive combinations of 
medicines have been developed after the emergence of 2nd generation PIs and 
IMIDs, monoclonal antibodies (MAs), histone deacetylase inhibitors (HDIs), and, 
more as of late, check-point inhibitors (CPIs) and small molecules [17, 18]. These 
promising improvement requests a critical evaluation of treatment options to 
adequately top up the advantages of different induction, consolidation and mainte-
nance approaches, and to set, a treatment ground so as to compare forthright ASCT, 
salvage ASCT and allotransplant in the era of novel agent [9].

Several drugs have shown promising activity against MM and are being used in 
clinical practice [19].

4.1 Induction therapy for ASCT-eligible patients

For patients with ASCT-eligible newly diagnosed MM, induction therapy 
with triple drugs should contain an IMiD, a PI, and a corticosteroid (Cs), usually 
lenalidomide-bortezomib-dexamethasone (RVd) [20]. The preferred induction 
therapy is combination of bortezomib with lenalidomide or thalidomide and 
dexamethasone (VRd or VTD), as well as the combination of daratumumab with 
VTD (DaraVTD) [21].

For patients presenting with renal impairment, cyclophophosphamide-
bortezomib-dexamethasone is preferred, with the option to switch to RVd up on 
improvement of renal function. For patients intolerant to the triple therapy, double 
therapy can be used such as bortezomib-dexamethasone (Vd) and lenalidomide-
dexamethasone (Rd), (Figure 1) [22].

Induction treatment can be administered for an extended period for up to 
6–8 cycles [23]. A third drug can be added up on improvement of the patient started 
with two drugs. Recent data with carfilzomib-lenalidomide-dexamethasone (KRd) 
induction has shown much promise, and ongoing studies comparing the upfront 
KRd versus RVd have shown equivalent outcomes, if not improved [24].

Looking at the options of the novel triple (or quadruple) upfront Vs postpone 
for NDMM patients, it is widely advised that mobilization, stem cell harvest, 
conditioning and ASCT should be postponed due to the fear of immunosuppression 
in the upfront [25]. In patients receiving daratumumab and or lenalidomide-based 
induction, stem cell harvest without ASCT can be considered so as to achieve an 
adequate stem cell yield [8]. In this case, Granulocyte colony-stimulating factor 
(G-CSF) only mobilization with the potential addition of plerifaxor should be 
considered in order to avoid the immunosuppressive effect of high-dose cyclo-
phosphamide. However, in cases of viral supra-infections like COVID-19, stem cell 
harvests and any transplant procedures should not be performed within at least 14, 
and preferably 21, days from the last contact (Table 1) [8].
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Different ranges of regimens have been developed to retard progression of 
disease using potentially effective in controlling and promising for survival. The 
most commonly used drug combinations are listed in Table 1.

2.3 Symptomatic versus asymptomatic myeloma

Urgent management of indolent myeloma is not recommended at the present 
time; rather treatment should be considered in all symptomatic patients with an 
active myeloma criteria (the CRAB criteria) (hypercalcaemia >11.0 mg/dl), creati-
nine >2.0 mg/ml, anemia (Hb < 10 mg/dL), active bone lesions), [9].

3. Goal of treatment

The overall goal of treatment of MM is to improve survival [14, 15]. A complete 
response (CR) has been observed only in few patients with conventional chemo-
therapy regimens. The use of high-dose therapy followed by ASCT and the advent 
of novel therapies, such as thalidomide, lenalidomide, and bortezomib gained much 
promises [14, 15], and with such treatment many patients are gaining the much 
needed improvement and CR. Studies reported that the success of CR correlates with 

Regimen Usual dosing schedulea

Daratumumab-Pomalidomide-
Dexamethasone (DPd)

Daratumumab 16 mg/kg intravenously weekly 3 8 weeks, and then 
every
2 weeks for 4 months, and then once monthly
Pomalidomide 4 mg oral on days 1–21
Dexamethasone 40 mg intravenous days 1, 8, 15, 22 (given oral on days 
when no daratumumab is being administered)
Repeated every 4 weeks

Elotuzumab-Lenalidomide-
Dexamethasone (ERd)

10 mg/ kg intravenously weekly × 8 weeks, and then every 2 weeks
Lenalidomide 25 mg oral days 1–21
Dexamethasone per prescribing information
Lenalidomide-Dexamethasone repeated in usual schedule every 4 weeks

Ixazomib-Lenalidomide-
Dexamethasone (IRd)

Ixazomib 4 mg oral days 1, 8, 15
Lenalidomide 25 mg oral days 1–21
Dexamethasone 40 mg oral days 1, 8, 15, 22
Repeated every 4 weeks

Panobinostat-Bortezomibb Panobinostat 20 mg oral three times a week 3 2 weeks
Bortezomib 1.3 mg/m2 subcutaneous days 1, 8, 15
Repeated every 3 weeks

aAll doses need to be adjusted for performance status, renal function, blood counts, and other toxicities.
bDoses of dexamethasone and/or bortezomib reduced based on other data showing lower toxicity and similar efficacy 
with reduced doses; subcutaneous route of administration of bortezomib preferred based on data showing lower 
toxicity and similar efficacy compared to intravenous administration.
cThe day 22 dose of all 3 drugs is omitted if counts are low, or after initial response to improve tolerability, or when 
the regimen is used as maintenance therapy; When used as maintenance therapy for high risk patients, further delays 
can be instituted between cycles.
dOmit day 15 dose if counts are low or when the regimen is used as maintenance therapy; When used as maintenance 
therapy for high risk patients, lenalidomide dose may be decreased to 10–15 mg per day, and delays can be instituted 
between cycles as done in total therapy protocols.
eCarfilzomib can also considered in a once a week schedule of 70 mg/m2 on days 1, 8 and 15 every 28 days (cycle 1, 
day 1 should be 20 mg/m2); Day 8, 9 doses of carfilzomib can be omitted in maintenance phase of therapy after a 
good response to improve tolerability; KCd dosing lowered from that used in the initial trial which was conducted in 
newly diagnosed patients.

Table 1. 
Major treatment regimens in multiple myeloma [9, 10].
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survival, and hence the role of CR as an endpoint in myeloma therapy is becoming 
prominence. It should also be noted that the benefit of CR is not the same with all 
treatment regimens [15, 16]. Emerging evidence with novel medications showed that 
continued treatment has resulted in prolong CR and improved response [16].

4. Management of newly diagnosed cases

Currently, for fit newly diagnosed MM patients (NDMM), autologous stem 
cell transplant (ASCT) considered as the standard care of treatment. But it should 
be noted that there is also a remarkable results obtained from the non-transplant 
setting with novel agent-based treatment, which later raised questions as to the role 
of upfront versus delayed ASCT [9].

Numerous rescue alternatives that incorporate distinctive combinations of 
medicines have been developed after the emergence of 2nd generation PIs and 
IMIDs, monoclonal antibodies (MAs), histone deacetylase inhibitors (HDIs), and, 
more as of late, check-point inhibitors (CPIs) and small molecules [17, 18]. These 
promising improvement requests a critical evaluation of treatment options to 
adequately top up the advantages of different induction, consolidation and mainte-
nance approaches, and to set, a treatment ground so as to compare forthright ASCT, 
salvage ASCT and allotransplant in the era of novel agent [9].

Several drugs have shown promising activity against MM and are being used in 
clinical practice [19].

4.1 Induction therapy for ASCT-eligible patients

For patients with ASCT-eligible newly diagnosed MM, induction therapy 
with triple drugs should contain an IMiD, a PI, and a corticosteroid (Cs), usually 
lenalidomide-bortezomib-dexamethasone (RVd) [20]. The preferred induction 
therapy is combination of bortezomib with lenalidomide or thalidomide and 
dexamethasone (VRd or VTD), as well as the combination of daratumumab with 
VTD (DaraVTD) [21].

For patients presenting with renal impairment, cyclophophosphamide-
bortezomib-dexamethasone is preferred, with the option to switch to RVd up on 
improvement of renal function. For patients intolerant to the triple therapy, double 
therapy can be used such as bortezomib-dexamethasone (Vd) and lenalidomide-
dexamethasone (Rd), (Figure 1) [22].

Induction treatment can be administered for an extended period for up to 
6–8 cycles [23]. A third drug can be added up on improvement of the patient started 
with two drugs. Recent data with carfilzomib-lenalidomide-dexamethasone (KRd) 
induction has shown much promise, and ongoing studies comparing the upfront 
KRd versus RVd have shown equivalent outcomes, if not improved [24].

Looking at the options of the novel triple (or quadruple) upfront Vs postpone 
for NDMM patients, it is widely advised that mobilization, stem cell harvest, 
conditioning and ASCT should be postponed due to the fear of immunosuppression 
in the upfront [25]. In patients receiving daratumumab and or lenalidomide-based 
induction, stem cell harvest without ASCT can be considered so as to achieve an 
adequate stem cell yield [8]. In this case, Granulocyte colony-stimulating factor 
(G-CSF) only mobilization with the potential addition of plerifaxor should be 
considered in order to avoid the immunosuppressive effect of high-dose cyclo-
phosphamide. However, in cases of viral supra-infections like COVID-19, stem cell 
harvests and any transplant procedures should not be performed within at least 14, 
and preferably 21, days from the last contact (Table 1) [8].
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The treatment schedule can be modified, for patients with sufficient response. 
Patients with high-risk disease features may receive ASCT after 6–8 induction 
cycles due to otherwise increased probability of progression [8]. Quadruple drugs 
trials are also offering good outcomes and will be available as alternative very 
soon [26].

4.2 Induction therapy for ASCT-ineligible patients

Patients who are fit or intermediate-fit to Rd. can be put on as a bridge therapy 
for 2–3 cycles in hospitals with peak prevalence of the current pandemic terror of 
the COVID-19. Otherwise, the approved VRd or daratumumab-based therapies 
(DaraRd or DaraVMP) can be administered. Dose of Dexamethasone should be 
lowered to 20 mg weekly, whereas de-escalation (or even interruption) can be 
made in patients responding well after the completion of 9 cycles of treatment [8]. 
Generally, RVd showed an excellent progression-free survival (PFS) and objective 
response rate (ORR). The triple therapy of daratumumab-lenalidomide-dexameth-
asone (DRd) showed much improved rates of partial response, better PFS, and 
tolerance compared to Rd. [27].

4.3 Treatment regimens

Wide ranges of regimens have been developed using a potentially effective 
combination of drugs that have proven efficacy in controlling disease progression 

Figure 1. 
Approach to the treatment of newly diagnosed multiple myeloma in transplant eligible A, and transplant 
ineligible B, patients. Abbreviations: ASCT, autologous stem cell transplantation; Dara-VRd, daratumumab, 
bortezomib, lenalidomide, dexamethasone; DRd, daratumumab, lenalidomide, dexamethasone; VRd, 
bortezomib, lenalidomide, dexamethasone [10].
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and improving survival. The most commonly used drug combinations are listed in 
Table 1. The combinations are usually consists of IMIDs, Cs, PIs, and MAs targeting 
specific cell receptors like CD38, and are playing an important role in the manage-
ment of MM [28].

Other active agents and approved for the treatment of MM include elotuzumab, 
a MA that is targeting the signaling lymphocytic activation molecule called 
SLAMF7 also known as CRACC, CS1, CD319*; panobinostat, a histone deacety-
lase inhibitor; selinexor, an inhibitor of exportin-1 called XPO1.; anthracyclines, 
doxorubicin and liposomal doxorubicin. However, elotuzumab, panobinostat, 
selinexor, and the anthracyclines do not have significant single-drug activity and 
hence should not be used individually; rather can be used to exert their therapeutic 
effect in combination with other active agents. Additionally, the anthracyclines are 
used infrequently in the treatment of MM because of the availability of other more 
active agents. In aggressive and refractory cases doxorubicin can be incorporated 
into some multi-agent combinations [19].

* CRACC: The CD2-like receptor-activating cytotoxic cell; CS1: subset 1.

4.4 Treatment algorithm

4.5 Consolidation therapy

The aim of consolidation is to increase the depth of response after induction, 
because achieving complete response or better is associated with improved survival 
(Figure 1) [16]. Consolidation may consist of ASCT (current standard of care 
for eligible patients) and/or single or multiple-drug agents after ASCT [29]. In 
ASCT-ineligible patients, consolidation may consist of single- or multiple-drug 
regimens [27].

Different types of stem-cell transplantations (SCT) has been used in MM 
including single ASCT, tandem ASCT, and, rarely, allogeneic stem-cell trans-
plantation (alloSCT)) [30]. A three-arm trial that compared the outcome 
of RVd induction alone, single ASCT, and tandem ASCT, followed by all on 
lenalidomide maintenance therapy, unearthed that there was no differences 
on PFS and OS among all arm and concluded that the single ASCT followed by 
lenalidomide maintenance therapy has to be continued as the standard of care 
MM treatment [27].

For all eligible patients, after detail discussion on the outcomes of therapy, 
upfront ASCT can be used with four cycles of RVd followed by ASCT and four more 
cycles of RVd. Alternatively, eight cycles of RVd upfront, before ASCT can also be 
tried. Some patients prefer the latter option, to minimize treatment disruptions in 
case complications arise because of ASCT. If patients choose to defer upfront ASCT 
after being informed of the risks and benefits, then collection and storage of stem 
cells should be begun after four cycles of RVd [31].

4.6 Maintenance therapy

Maintenance therapy improves PFS and OS as compared to therapy cessation, 
indeed in high-risk patients [29, 32]. The survival benefit is present regardless of 
whether or not patients receive ASCT before maintenance. The use of maintenance 
does not seem to lead to decreased efficacy of therapy after first relapse and there-
fore is standard practice [29].

The IMWG reach on consensus that thalidomide maintenance therapy after ASCT 
improves the quality of response and increases the PFS as well as the OS significantly 
[33] though no improvement was seen in OS among elderly patients [33, 34].
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The treatment schedule can be modified, for patients with sufficient response. 
Patients with high-risk disease features may receive ASCT after 6–8 induction 
cycles due to otherwise increased probability of progression [8]. Quadruple drugs 
trials are also offering good outcomes and will be available as alternative very 
soon [26].

4.2 Induction therapy for ASCT-ineligible patients

Patients who are fit or intermediate-fit to Rd. can be put on as a bridge therapy 
for 2–3 cycles in hospitals with peak prevalence of the current pandemic terror of 
the COVID-19. Otherwise, the approved VRd or daratumumab-based therapies 
(DaraRd or DaraVMP) can be administered. Dose of Dexamethasone should be 
lowered to 20 mg weekly, whereas de-escalation (or even interruption) can be 
made in patients responding well after the completion of 9 cycles of treatment [8]. 
Generally, RVd showed an excellent progression-free survival (PFS) and objective 
response rate (ORR). The triple therapy of daratumumab-lenalidomide-dexameth-
asone (DRd) showed much improved rates of partial response, better PFS, and 
tolerance compared to Rd. [27].

4.3 Treatment regimens

Wide ranges of regimens have been developed using a potentially effective 
combination of drugs that have proven efficacy in controlling disease progression 

Figure 1. 
Approach to the treatment of newly diagnosed multiple myeloma in transplant eligible A, and transplant 
ineligible B, patients. Abbreviations: ASCT, autologous stem cell transplantation; Dara-VRd, daratumumab, 
bortezomib, lenalidomide, dexamethasone; DRd, daratumumab, lenalidomide, dexamethasone; VRd, 
bortezomib, lenalidomide, dexamethasone [10].
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and improving survival. The most commonly used drug combinations are listed in 
Table 1. The combinations are usually consists of IMIDs, Cs, PIs, and MAs targeting 
specific cell receptors like CD38, and are playing an important role in the manage-
ment of MM [28].

Other active agents and approved for the treatment of MM include elotuzumab, 
a MA that is targeting the signaling lymphocytic activation molecule called 
SLAMF7 also known as CRACC, CS1, CD319*; panobinostat, a histone deacety-
lase inhibitor; selinexor, an inhibitor of exportin-1 called XPO1.; anthracyclines, 
doxorubicin and liposomal doxorubicin. However, elotuzumab, panobinostat, 
selinexor, and the anthracyclines do not have significant single-drug activity and 
hence should not be used individually; rather can be used to exert their therapeutic 
effect in combination with other active agents. Additionally, the anthracyclines are 
used infrequently in the treatment of MM because of the availability of other more 
active agents. In aggressive and refractory cases doxorubicin can be incorporated 
into some multi-agent combinations [19].

* CRACC: The CD2-like receptor-activating cytotoxic cell; CS1: subset 1.

4.4 Treatment algorithm

4.5 Consolidation therapy

The aim of consolidation is to increase the depth of response after induction, 
because achieving complete response or better is associated with improved survival 
(Figure 1) [16]. Consolidation may consist of ASCT (current standard of care 
for eligible patients) and/or single or multiple-drug agents after ASCT [29]. In 
ASCT-ineligible patients, consolidation may consist of single- or multiple-drug 
regimens [27].

Different types of stem-cell transplantations (SCT) has been used in MM 
including single ASCT, tandem ASCT, and, rarely, allogeneic stem-cell trans-
plantation (alloSCT)) [30]. A three-arm trial that compared the outcome 
of RVd induction alone, single ASCT, and tandem ASCT, followed by all on 
lenalidomide maintenance therapy, unearthed that there was no differences 
on PFS and OS among all arm and concluded that the single ASCT followed by 
lenalidomide maintenance therapy has to be continued as the standard of care 
MM treatment [27].

For all eligible patients, after detail discussion on the outcomes of therapy, 
upfront ASCT can be used with four cycles of RVd followed by ASCT and four more 
cycles of RVd. Alternatively, eight cycles of RVd upfront, before ASCT can also be 
tried. Some patients prefer the latter option, to minimize treatment disruptions in 
case complications arise because of ASCT. If patients choose to defer upfront ASCT 
after being informed of the risks and benefits, then collection and storage of stem 
cells should be begun after four cycles of RVd [31].

4.6 Maintenance therapy

Maintenance therapy improves PFS and OS as compared to therapy cessation, 
indeed in high-risk patients [29, 32]. The survival benefit is present regardless of 
whether or not patients receive ASCT before maintenance. The use of maintenance 
does not seem to lead to decreased efficacy of therapy after first relapse and there-
fore is standard practice [29].

The IMWG reach on consensus that thalidomide maintenance therapy after ASCT 
improves the quality of response and increases the PFS as well as the OS significantly 
[33] though no improvement was seen in OS among elderly patients [33, 34].
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Lenalidomide maintenance treatment after ASCT and after conventional 
melphalan, prednisone, and lenalidomide induction therapy showed a significant 
risk reduction of PFS as well as improvement in OS. Nevertheless, the role of 
thalidomide maintenance after induction therapy of melphalan, prednisone, and 
thalidomide is not yet well established [33].

Compared with conventional induction and thalidomide maintenance treatment 
a significantly increase in OS was seen with a bortezomib-based induction and 
bortezomib maintenance therapy after a single-agent bortezomib or in combination 
with thalidomide or prednisone maintenance therapy [35].

Appropriate therapeutic monitoring has to be taken so as to minimize drug 
associated toxicities during maintenance therapy. The risks and benefits should also 
be discussed with patients. Since there is no a single guiding principle reached as a 
consensus of standard care throughout all health care systems, clinical decisions for 
individual patients must be balanced with the potential benefits and risks specific 
management approach [36].

The standard agent for maintenance therapy of MM in U.S.A is lenalidomide, 
and maintenance therapy with lenalidomide is now favored following induction 
with or without ASCT because of prolonging response and improving PFS and OS. 
However, the risks with lenalidomide maintenance such as hematologic and solid 
secondary primary malignancies has to be given adequate focus [37].

Major trials of maintenance therapy for MM prescribed that all standard-risk 
patients have be managed with lenalidomide maintenance until improved. For high-
risk patients, who are characterized as having either del (17p), t(4;14), or t(14;16), 
have be managed with dual maintenance comprising of lenalidomide and bortezo-
mib each other week as long as safely endured. For patients with contraindications 
to bortezomib, ixazomib have to be considered once per weekly in lieu of bortezo-
mib [38]. For very young and elderly patients systematic maintenance therapy is not 
recommended following induction because of the lack of sufficient data [39].

5. Prognostic factors

Cytogenetic abnormalities such as del(17p), t(14; 16), and t(14; 20) have impor-
tant prognostic implications. Patients with del(17p), occurs in approximately 10% 
of newly diagnosed MM and in upwards of 80% in relapsed or refractory MM, are 
classified as high risk because of shortened OS and PFS [27]. Immunoglobulin heavy-
chain translocations associated with the highest risk of poor outcomes include t(4;14) 
which is present in 5% and t(14;16) in 15% of newly diagnosed MM. Patients with 
both translocations are considered high risk and experience inferior survival [40].

The prognostic factors of MM is divided into four major parts as: 1) Risk 
Stratification, which includes Staging of MM, Plasma Cell Labeling index (PCLI), 
Cytogenetics and Gene Expression Profiling (GEP); 2) Monitoring of Response 
Tools, which includes Serum-Free Light Chain Assay, serum Heavy/Light Chain 
(HLC) Assay (Hevylite™), and Advanced Imaging Modalities; 3) Minimal Residual 
Disease (MRD) Monitoring Methods, which includes Circulating Plasma Cells, 
MRD Monitoring in General, and the Value of Depth of Response; and 4) Novel 
Prognostic Markers [41].

6. Management of relapsed and refractory cases

Treatment choice of a relapsed or refractory MM, depends on several parameters 
including age, the type of comorbidities, performance status, aggressiveness of 
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relapse, efficacy and tolerance with the previously used medications, the number of 
prior drugs, the available remaining treatment options, the cytogenetic data at the 
time of relapse and the interval since the last therapy [27, 42].

Generally, During relapse a triple therapy is preferred over two drug treatment 
[43]. It should also be noted that, if patients relapse while receiving lenalidomide 
maintenance, carfilzomib-pomalidomide-dexamethasone and pomalidomide-
bortezomib-dexamethasone are options in fit patients [44]. In transplant deferred 
cases, ASCT may be a good option [44].

For patients who were receiving bortezomib maintenance at the time of relapse 
or treatment failure, KRd may be used in fit patients. KRd demonstrated improved 
ORR, PFS, and OS in this population [45].

KRd and DRd may be considered for fit patients not receiving maintenance dur-
ing relapse [46], and for frail patients or for those with indolent relapse ixazomib-
lenalidomide-dexamethasone (IRd) or elotuzumab-lenalidomide-dexamethasone 
(ERd) may be considered [10, 46].

Pomalidomide-dexamethasone (Pd) is an option for patients with relapsed or 
refractory MM who have failed lenalidomide and bortezomib, and have received 
at least two prior therapies [47], the regimen improves PFS and OS in this popula-
tion. The use of Pd in patients with relapsed or refractory MM who harbor del(17p) 
showed good prognostic factor [48].

Other combinations for relapsed or refractory MM include dara-
tumumab-pomalidomide-dexamethasone, a PI with panobinostat, 
carfilzomib-cyclophosphamide-dexamethasone, and pomalidomide-cyclophos-
phamide-dexamethasone [27, 49].

For frail patients or for those with indolent relapse who relapsed during bortezo-
mib maintenance, DRd, IRd, or ERd are effective [50]. Daratumumab-bortezomib-
dexamethasone (DVd) or ixazomib-cyclophosphamide-dexamethasone are also 
options in frail patients [51].

Data comparing second ASCT to salvage therapy with novel PIs, IMiDs, or 
monoclonal antibodies not sufficient [17]. In addition, since lenalidomide mainte-
nance is currently the standard of care after ASCT, the goal of considering a second 
transplantation should be closer to 36 months compared with 18 months on the 
basis of historical data [52]. If patients relapse after lenalidomide maintenance, 
considering a pomalidomide-based regimen, such as carfilzomib-pomalidomide-
dexamethasone is recommended [27].

7. Supportive therapy

Supportive care is critical throughout the clinical course of patients with MM 
because they are particularly susceptible to infections. Diligence in identifying and 
initiating treatment at the earliest sign is advised [27].

All MM patients with newly diagnosed MM and with adequate renal function 
should be initiated with monthly bone-modulating therapy at diagnosis with either 
denosumab, zoledronic acid or pamidronate (high recommendation) [27].

Patients with clinical manifestation of MM but without objective evidence of 
lytic lesions using the conventional radiography can be managed with zoledronic 
acid (intermediate recommendations), though its advantages using the more 
advanced objective measurements like CT and MRI is not yet well established [53].

In patients without clinical manifestations of myeloma, the use of bisphonpho-
nates is not generally advised (high evidence of toxicities) [8]. The continuous use 
of Zoledronic acid recommended as long as the cycles of treatments are on progress, 
but sufficient data are lacking supporting it after partial response to therapy is 
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achieved [54, 55]. Denosumab doses can be administered at home if nursing facility 
is available or the patient should be trained for self-administration. Long-term 
discontinuation of denosumab treatment is associated with rebound effect and thus 
should be circumvented [8].

Sufficient data are available that prohibits the use of bortezomib-based regimens 
in patients with baseline clinical renal impairments. However, evidences are lacking 
supporting the discontinuation of therapy in patients who develop drug induced 
renal impairments [56, 57].

Severely anemic patients who do not respond to the conventional anemia man-
agement or deteriorating should be urgently switched to erythropoiesis stimulating 
agents (ESAs) in order to prevent the need for blood transfusions and frequent 
hospital visits. At present, the whole blood supplies has been extensively restricted 
due to the COVID-19 lockdown [8]. There are only few data advocating the use 
of ESAs in patients with persistent symptomatic anemia (hemoglobin <10 g/dL) 
where other causes of anemia have ruled out. Hence, ESAs should be discontinued 
after 6–8 weeks of therapy in patients’ who fail to respond adequately to anemia 
treatment [58].

Immunization against influenza is recommended for specific infections caused 
by streptococcus pneumonia and hemophilus influenza, but sufficient data are 
lacking supporting the efficacy of the vaccination due to the fact that suboptimal 
immune responses are fairly seen after management [59].

If patients are receiving PIs & ASCT, the prophylactic use of antiviral agents 
such as acyclovir (or valacyclovir) are highly recommended [8, 60]. Acyclovir 
should be prescribed according to local protocols. Immunoglobulin administration 
may be given in an individualized basis, depending on the depth of suppression of 
polyclonal immunoglobulins and patient history of recurrent infections [34].

Antiviral prophylaxis has to be recommended in drugs associated with increased 
risk of herpes zoster reactivation such as Daratumumab and PIs. The prophylaxis 
is recommended for at least 3 months after exposure if no contraindications are 
observed [61].

Routine prophylaxis immunization should be considered with a series of pneu-
mococcal conjugate vaccine 13 and pneumococcal polysaccharide vaccine, as well 
as annual influenza immunization [62]. Drugs such as IMiDs enhance the risk of 
venous thromboembolism, so preventive measures should be considered during 
active therapy [61], and the antithrombotic prophylaxis should be considered 
according to local or international guidelines. For countries with high incidence of 
COVID-19, low-molecular-weight heparin (LMWH) has to be preferred over aspi-
rin as thromboprophylaxis in MM patients under IMiD administration, irrespective 
of their thrombotic risk [8, 63].

Patients with a history of neutropenias and/or recurrent infections should receive 
prophylactic G-CSF injections. Co-trimoxazole prophylaxis for Pneumocystis 
jirovecii for all patients and levofloxacin prophylaxis for the first three months of 
treatment for NDMM patients are also highly recommended [8, 55].

8. Follow-up and monitoring

Patients should be followed-up and monitored for complete blood counts 
(CBC), serum and urine electrophoresis with or without the use of serum-FLC 
determination, and also for serum calcium and creatinine measurements; at 
least in 2–3 months interval. In patients are complaining of bone pain, skeletal 
X-ray, MRI or CT scan should be carried out to detect and rule out new bone 
lesions [64].
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9.  Emerging role of targeted therapies, monoclonal antibodies, and 
cellular therapies

9.1 Venetoclax

Venetoclax is an orally bioavailable selective B-cell lymphoma 2 (Bcl-2) inhibi-
tor. Bcl-2 and cyclin D1 are over expressed in MM patients with a translocation 
of (11;14), which is present in approximately 20% of patients with MM [65]. 
Venetoclax is an antiapoptotic protein and an emerging and effective treatment 
for relapsed or refractory MM [66, 67], and also being tried for treatment of 
chronic lymphocytic leukemia (CLL) cells [66] and non-Hodgkin lymphoma 
(NHL) [65]. Although response rates with venetoclax-dexamethasone are impres-
sive in patients with t(11;14), PIs, which inhibit induced myeloid leukemia cell 
differentiation protein (Mcl-1), have synergistic activity when combined with 
venetoclax [27].

Currently the venetoclax is suspended by the Food and Drug Administration 
(FDA) because of a report obtained from the BELLINI trial, which stated an 
increased relative risk of death in the venetoclax group. As more recent data are 
being collected to have a better understanding of the safety concerns raised by the 
BELLINI trial [27, 68].

9.2 BRAF & BRAF/MEK inhibitors

BRAF is a proto-oncogene, that its protein product is a serine/threonine-protein 
kinase B-Raf that make conform the MAP kinase/ERKs signaling pathway, which 
works during cell division and differentiation [69]. In patients with MM, the 
incidence of BRAF V600E mutations is about 7–12% [70]. Trials evaluating BRAF 
and BRAF/MEK inhibitors in patients with MM harboring BRAF mutations are still 
undergoing [71].

9.3 Monoclonal antibodies (CAR T cells and BCMA)

Monoclonal antibodies represent an emerging class of agents in MM treat-
ment [72]. Daratumumab-RVd versus RVd, are being evaluated for ASCT-eligible 
patients [27]. Isatuximab, a humanized immunoglobulin G1 monoclonal antibody, 
has distinct characteristics in contrast to other anti-CD38 monoclonal antibodies 
[72]. Isatuximab in combination with IMROZ, isatuximab-RVd in ASCT-ineligible 
patients with newly diagnosed MM are being studied [72]; and isatuximab-Kd 
(IKEMA) and isatuximab-Pd (ICARIA) have been tried in patients with relapsed or 
refractory MM [73].

B-cell maturation antigen (BCMA) is a significant target communicated on 
MM cells, with other targets counting GPR5CD, CD138, CD74, CD48, CD38, 
SLAMF7, and transmembrane activator and calcium modulator and cyclophilin 
ligand (CAML) interactor (TACI). Several strategies targeting BCMA include 
conjugated antibodies, cellular approaches, and bispecific T-cell engagers. 
Clinical trials evaluating BCMA-directed Chimeric antigen receptor redirected T 
cells (CAR-T cells) are furthest in development. Two notable BCMA CAR T-cell 
products are bb2121 and LCAR-B38M.69–71 Trials are evaluating CAR T cells in 
patients with relapsed or refractory MM to better understand their role in the MM 
treatment paradigm [74, 75].

Newly introduced therapies that uses CAR T cells and BCMA antibodies bid 
promises of adding agents to the antimyeloma armamentarium of neoadjuvant 
mechanisms of actions [49]. Enduring trials will permit for the integration of 
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therapies with novel mechanisms of action, with the goal of inducing deeper 
responses as we endeavor towards the prospect of curative aspect of MM [27].

10. Conclusions

There is no cure for MM until today, however the recent advancements in man-
agement approaches provide hope for complete remission with improved survival. 
ASCT is currently considered the standard of care for fit newly diagnosed MM 
patients. Multiple combinations of PIs and IMIDs, salvaged with MAs, CTs, and 
other chemotherapeutic agents have been evaluated and available for both ASCT-
eligibles as well as ineligible settings, while further studies are still running.
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therapies with novel mechanisms of action, with the goal of inducing deeper 
responses as we endeavor towards the prospect of curative aspect of MM [27].

10. Conclusions

There is no cure for MM until today, however the recent advancements in man-
agement approaches provide hope for complete remission with improved survival. 
ASCT is currently considered the standard of care for fit newly diagnosed MM 
patients. Multiple combinations of PIs and IMIDs, salvaged with MAs, CTs, and 
other chemotherapeutic agents have been evaluated and available for both ASCT-
eligibles as well as ineligible settings, while further studies are still running.
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Abstract

Multiple Myeloma (MM) is characterized by the abberant proliferation and 
expansion of plasma cells in the Bone marrow. Despite the broad use of protea-
some inhibitors and IMiDs, Multiple Myeloma remains an incurable disease. The 
introduction of Monoclonal antibodies, along with bi-specific antibodies and 
check point inhibitors, has significantly enhanced the armamentarium of avail-
able therapeutic options in the relapsed setting. The incorporation of the above-
mentioned novel agents in triplet or quadruplet therapeutic regimens has led to 
significant prolongation of overall survival (OS) and progression free survival 
(PFS), without adding significant toxicity. Anti-CD38 monoclonal antibodies has 
become the cornerstone of antimyeloma therapy in both the newly diagnosed and 
relapsed setting.

Keywords: Monoclonal Antibodies, Antibody Drug Conjugates, Daratumumab, 
Belantamab Mafodotin

1. Introduction

Multiple Myeloma is characterized by the upregulation and expansion of plasma 
cells malignant clones in the bone marrow [1]. The introduction of novel agents 
such as immunomodulatory drugs (IMiDs) and proteasome inhibitors (PIs) has 
led to significant improvement of disease prognosis and survival. However, the 
disease remains incurable, and all patients will relapse. Patients who are refractory 
to both Imids and PIs have poor survival outcomes, with a median overall survival 
of 9–13 months [2, 3]. The identification of novel therapeutic approaches for this 
group of patients represents an unmet medical need. In addition to that, patients 
with advanced disease characteristics and high-risk cytogenetics have a poor prog-
nosis [4, 5]. Immune dysregulation represents a hallmark of MM pathophysiology. 
A better understanding of mechanisms that govern immune impairment in MM, 
has led to the development of several immunotherapeutic agents such as monoclo-
nal antibodies, bispecific antibodies (BiTEs), and chimeric antigen receptor (CAR) 
T-cells.
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2. Monoclonal antibodies

2.1 Daratumumab

2.1.1 Daratumumab mechanism of action

Daratumumab (Dara) is the first in class humanized IgG1-κ monoclonal anti-
body targeting CD38 through binding to a unique epitope which includes amino 
acids 233–246 and 267–280 [6]. Following binding to CD38, Dara exerts its action 
through canonical (classical) and noncanonical mechanisms [7]. Canonical mecha-
nisms are immune-mediated, dependent on Dara binding to CD38 on the tumor 
cell, and include complement-mediated cytotoxicity (CDC), antibody-dependent 
cell-mediated cytotoxicity (ADCC), antibody-dependent cell-mediated phagocy-
tosis (ADCP), direct cytotoxicity upon secondary cross-linking, and inhibition of 
CD38 enzymatic activity. Canonical mechanisms could be either Fcgamma recep-
tor (FcgR) dependent or independent [6, 8, 9]. Whilst the canonical mechanisms 
explain the activity of Dara against CD38+ cells, noncanonical mechanisms are 
independent of Dara binding to CD38 and based on modulation of immune cells 
[10]. Dara targets three main categories of immunosuppressor cells that express 
CD38. These categories are Regulatory B cells (Bregs), which promote tumor 
growth and immune escape, a subset of regulatory T cells (Tregs), and Myeloid-
derived suppressor cells (MDSC). After Dara binding to the CD38 in the surface 
of the above-mentioned cells causes depletion of their population [11]. Following 
the depletion of regulatory cells, there is a significant increase in the populations 
of CD4+ and CD8+ effector T-cells [12–15]. Effector T-cells have increased levels of 
granzyme-B, which results in enhanced killing capacity [12, 16].

2.1.2 Daratumumab combinations in the newly diagnosed setting

2.1.2.1 Transplant-ineligible patients

The combination of bortezomib melphalan and prednisone (VMP) is consid-
ered a standard of care regimen for patients who are not candidates for transplant. 
ALCYONE (NCT02195479) is a phase 3 trial in which patients with NDMM were 
randomized to receive bortezomib melphalan and prednisone either alone or 
in combination with Dara. The primary endpoint was PFS. The comparison of 
PFS rates at 16.5 and 40.08 months showed a sustained superiority of Dara-VMP 
versus VMP groups. At 16.5 and 40.08 months, PFS rates for Dara VMP and VMP 
groups were 71.6% (95% [CI], 65.5 to 76.8) vs. 50.2% (95% CI, 43.2 to 56.7) and 
36.4 vs. 19.3 months respectively [17, 18]. At the time point of 40.08 months, the 
median PFS2 was not reached versus 42.3 months for the Dara-VMP and the VMP 
arm, respectively 32376237. The combination of Dara-VMP also demonstrated a 
significant reduction in the risk of death by 40% in comparison with VMP (HR 
0.60 95% CI 0.46–0.80; p = 0·0003) [19]. At the time point of 42 months, the 
estimated overall survival rate in Dara-VMP and VMP groups was 75% vs. 62% 
(median not reached in either group HR: 0.60; 95% CI: 0.46 to 0.80; P = 0.0003) 
respectively [17, 18, 20]. The proportion of patients achieving MRD negativity was 
better in the Dara-VMP group (28% versus 7%) 32376237 After a median follow-up 
of 40.1 months, Dara-VMP increased the ORR (90.9% vs. 73.9%) and the rates 
of ≥VGPR (73% vs. 50%), ≥CR (46% vs. 25%), MRD-negativity (28% vs. 7%; 
all P < 0.0001), and ≥ CR with MRD-negativity (27% vs. 7%) vs. VMP. Time to 
subsequent therapy, OS, and PFS was prolonged for patients with deeper responses 
in both groups Alcyone 2020.
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MAIA trial (NCT02252172) is a phase 3 trial in which the addition of Dara to 
Rd. was compared to Rd. alone. Seven hundred thirty-seven patients who were 
ineligible for transplant were recruited. Patients were randomly assigned to receive 
Rd. with or without Dara in 28-day cycles until disease progression or unacceptable 
toxicity. The primary end-point was progression-free survival [21]. Results from the 
primary analysis (median follow-up 28 months) showed that the addition of Dara 
to Rd. improved PFS and MRD-negativity rates. After a longer follow up period 
(36.4 months), patients in the DRd arm maintained deeper and durable response 
along with PFS benefit [22]. After a median follow-up of 47.9 months, patients in 
the DRd arm had better PFS in comparison with the control group (median, not 
reached [NR] vs. 34 mo; HR, 0.54; 95% CI, 0.43–0.67; P < 0.0001). Median PFS2 
was not reached for DRd vs. 51 months in the Rd. arm. (HR, 0.65; 95% CI, 0.52–
0.83; P = 0.0005). The addition of Dara to Rd. resulted in deeper responses with 
higher rates of CR or better and VGPR or better. The median duration of response 
was not reached for responders in the DRd arm vs. 44 months in the Rd. arm [23].

2.1.2.2 Transplant-eligible patients

The combination of Dara Bortezomib, cyclophosphamide, and dexamethasone 
(Dara-VCD) resulted in ORR and VGPR or better rates of 81% and 56%, respec-
tively, in NDMM patients enrolled in the LYRA (NCT02951819) study 30828799. 
After 6–8 cycles of Dara-VCD induction, eligible patients underwent ASCT. All 
patients received Dara maintenance. The administration of Dara as maintenance 
therapy improved the depth of response and was associated with prolongation of 
both PFS and OS [24].

GRIFFIN (NCT02874742) is a phase 2 trial evaluating the addition of Dara to 
the induction regimen Bortezomib Lenalidomide and Dexamethasone (VRD) in 
NDMM transplant eligible patients. Patients were randomized to receive Dara-VRD 
or VRD as induction regimen, ASCT, two cycles of Dara-VRD or VRD consolida-
tion, and Revlimid alone or in combination with Dara as maintenance for 24 cycles. 
The primary endpoint was the rate of s CR post-consolidation. Regarding the 
randomized phase of the trial, results indicated that the combination of Dara-VRD 
was safe and potent. Regarding the primary endpoint results favored the quadruplet 
regimen (D-VRD)) 42 patients (42.4%) in the D-VRD and 31 patients (32.0%) in 
the VRD group achieved sCR by the end of consolidation (odds ratio, 1.57; 95% 
[CI], 0.87–2.82 1-sided P = .068) Response improved over time. After a median 
follow up of 22.1 months, the sCR (62.6% vs. 45.4%; P = .0177) and MRD negativity 
(51.0% vs. 20.4%; P < .0001, threshold 10−5) improved in the D-VRD arm in the 
intent to treat population [25]. In the final analysis of the safety run-in cohort, at 
the end of consolidation, 9 (56.3%) patients achieved sCR, and 8 (50.0%) were 
MRD negative (10–5 threshold). After maintenance, 15 (93.8%) patients achieved 
sCR, and 13 (81.3%) were MRD (10−5) negative. Estimated 36-month overall and 
progression-free survival rates were 93.8% and 78.1%, respectively. Results showed 
that the addition of Dara to R AND VRD resulted in durable responses and sus-
tained MRD negativity. The depth of response improved over time [26].

CASSIOPEIA (NCT02541383) is an ongoing phase III clinical trial in newly 
diagnosed transplant eligible MM patients divided into two parts. Patients were 
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group had significantly prolonged PFS in comparison with VTd (HR: 0.47; 95%CI: 
0.33–0.67, p < 0.0001) [27].

MASTER (NCT03224507) is an ongoing phase II clinical trial. Newly diag-
nosed transplant eligible MM patients received four cycles of Dara-Carfilzomib 
Dexamethasone (Dara-KRD) induction, followed by autologous stem cell trans-
plantation (ASCT) and consolidation with Dara-KRD based on the MRD status. 
The MRD assessment method was next-generation sequencing (NGS), and the 
threshold was 10−5. Evaluation of MRD status was performed at specific time points. 
At the end of the induction, post ASCT and post cycles 4 and 8 of consolidation. 
Patients with two consecutive negative MRD results stopped treatment. Patients 
who concluded treatment underwent imaging. The administration of Dara-KRD 
resulted in rapid and durable responses. More than 90% of patients achieved VGPR 
or better response by the end of induction. The MRD negative rates at the end of 
induction at ASCT and at best response were 34%, 70%, and 80% (threshold 10−5) 
and 28%, 45%, and 65% (threshold 10−6), respectively. Until today 11 patients have 
concluded treatment after achieving MRD negativity without evidence of relapse. 
The trial is ongoing, and long term follow up results are awaited [28].

PERSEUS (NCT03710603) is a randomized, phase 3 study comparing DARA-
VRd vs. VRd in transplant eligible NDMM patients, which has recently concluded 
its enrollment of patients. PFS is the primary endpoint, while key secondary 
endpoints include, ORR, MRD-negative rate and OS.

2.1.3 Daratumumab combinations in the R/R setting

POLLUX (NCT02076009) is a phase III clinical trial that compared the com-
bination of Lenalidomide Dexamethasone with or without daratumumab in MM 
patients who had received at least one prior line of treatment and were not refrac-
tory to Lenalidomide [15]. The addition of Dara significantly improved PFS at 12 
(83.2%, 95% CI, 78.3 to 87.2 vs. 60.1%, 95% CI, 54.0 to 65.7), 25,4 (median not 
reached vs. 17.5 months; HR 0.41; 95% CI,0.31–0.53; P < 0.0001) and 44,3 (median 
44.5 vs. 17.5 months; HR, 0.44; 95% CI, 0.35–0.55; P < 0.0001) months follow up 
in comparison with the control group [15, 29, 30]. The overall response rate was 
significantly better in the DRd group (92.9% vs. 76.4%, P < 0.001) 30237262. Post 
hoc analyses revealed that Dara improved PFS independently of the prior lines of 
treatment and high-risk cytogenetics [29]. At 25.4 months, the assessment of MRD 
status (threshold 10−5) revealed deeper responses in the DRd arm (26.2% vs. 6.4% 
P < 0.0001) [29].

CASTOR study (NCT02136134) compared the combination of Dara Vd (Dvd) 
versus Vd in 498 patients who had received at least one prior line of therapy 
(median of 2, range, 1–10; 10% three or more) and were not Bortezomib refractory. 
The study met its primary endpoint with a significant prolongation of PFS in the 
Dvd group after 7.4 months follow up (not reached in the Dvd versus 7.2 months in 
the Vd group), along with a significant reduction (61%) regarding the risk of disease 
progression or death (HR: 0.39; 95% CI, 0.28–0.53; p < 0.001). ORR was 82.9% in 
the Dvd vs. 63.2% in the Vd group, P < 0.001 [31]. Updated results of this trial after 
40 months, reinforce the tolerability and effectiveness of Dvd. PFS was improved 
in all subgroups (16.7 vs. 7.1 months, [HR], 0.31; 95% [CI], 0.25–0.40; P < .0001). 
32482541. The addition of Dara to Vd manage to overcome the impact of high-risk 
cytogenetic abnormalities (12.6 vs. 6.2 months; HR, 0.41; 95% CI, 0.21–0.83; 
P = 0.0106) 32819447 Patients in the Dvd group had 2.5 fold higher MRD negativ-
ity rate (10–5 threshold) [31]. Based on the results of CASTOR trial FDA and EMA 
approved in 2016 Dvd for RRMM patients who had received at least one prior line of 
treatment.
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In a phase 1b study (MMY1001), the addition of Dara to Pomalidomide and 
Dexamethasone was tested. The study included 103 patients with a median age of 
64 years and a median of four prior lines of therapy. Notably, 89% were refractory to 
Lenalidomide, 71% to Bortezomib, and 30% to Carfilzomib. The median OS and PFS 
were 17,5 and 8,8 months, respectively. The ORR was 60%. The combination of Dara 
Pom Dex was clearly safe and effective in this group of heavily pretreated patients 
[32]. Based on these results, FDA approved this triple combination for patients who 
had received at least two prior lines, including both a PI and Lenalidomide [32].

APOLLO trial (NCT03180736) explored the addition of Dara to Pomalidomide 
and dexamethasone (Pd) in 304 patients with RRMM who had received ≥one 
prior line of therapy, including a PI and Lenalidomide. PFS was the primary 
endpoint. Patients received Pomalidomide 4 mg d1–21, dexamethasone 40 mg 
(20 mg for patients ≥75 years of age) on 28 days cycles. Patients initially received 
Daratumumab iv 16 mg/kg. After protocol amendment, patients continued with 
Dara sc 1800 mg. Administration of Dara every week for cycles one and two, every 
two weeks for cycles 3–6, and every month thereafter. Prior Pomalidomide or anti-
CD-38 administration was not permitted. The patient’s median age was 67 (35–90) 
years, 35% had high-risk cytogenetics, and 63% were refractory to both Len and PI. 
The study met its primary endpoint. The addition of Dara to Pd led to a significant 
prolongation of PFS (12.4 months) versus 6.9 months in the Pd arm (HR 0.63 (95% 
CI, 0.47–0.85; P = 0.0018), which represents a 37% reduction in the risk of death or 
progression. Data regarding OS are immature, and longer follow-up is warranted. 
No new safety signals have emerged. Additionally, the sc formulation of Dara short-
ens the duration of administration. These data suggest that the D-Pd combination is 
safe, effective, and convenient in the RR setting [33].

CANDOR (NCT03158688) is another phase 3 trial exploring the addition of 
Dara to Carfilzomib and dexamethasone (Kd). Four hundred sixty-six patients 
were randomized to receive Dara Carfilzomib dexamethasone (DKd) vs. Kd. All 
patients received iv Dara at 16 mg/kg, every week for the first two cycles (the first 
dose was administered on days 1 and 2 of the first cycle), every two weeks for cycles 
3–6, and every month thereafter, Carfilzomib, twice per week at 20 mg/m2 on days 
1 and 2 of cycle 1 and at 56 mg/m2 thereafter and dexamethasone 40 mg every 
week (20 mg for patients 75 years or older). After an initial follow up of 17 months, 
median PFS was not reached in the DKd group versus 15.8 months in the Kd group 
(HR 0.63; 95% CI 0.46–0.85; two-sided p = 0.0027) [34]. Data presented in the 
last ASH meeting showed further improvement in PFS for patients in the KRd arm. 
After 28 months of follow-up, the median PFS for KRd and Kd group were 28.6 and 
15.2 months, respectively (HR, 0.59, 95% CI, 0.45–0.78]. PFS benefit was consistent 
among subgroups, especially in Lenalidomide refractory patients. Additionally, the 
MRD negativity rate at 12 months was significantly better in the DKd arm at 12.5% 
vs. 1.3% P < 0.0001. No new safety alerts have emerged [35].

2.2 Isatuximab

2.2.1 Mechanism of action

Isatuximab (SAR650984) is another chimeric IgG1κ monoclonal antibody, 
which binds on human CD38 by targeting a different epitope in comparison with 
Daratumumab [36]. Isatuximab and Daratumumab have several differences 
regarding the mechanism of action. 1/Isatuximab anti-tumor activity is mainly 
dependent on ADCC [37, 38] 2/Isatuximab induces direct apoptosis of CD-38 even 
in the absence of cross-linking agents [39] 3/Isatuximab inhibits CD-38 enzymatic 
activity in a dose-dependent manner [40].
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2.2.2 Isatuximab clinical trials

In a phase I dose-escalation study, 84 patients with RRMM (median 5, range 
1–13 prior lines of therapy) received Isatuximab monotherapy. Isatuximab 
administration showed clinical activity and a manageable safety profile. ORR 
was 24%, median PFS was 3.7 months. IRRs were mainly grade 1 or 2 that 
occurred during the first cycle [40]. These results were confirmed in a dose-
finding phase II trial. Patients with RRMM who had received three or more prior 
lines of therapy were allocated to four different dosing schedules of isatuximab 
monotherapy: 3 mg/kg or 10 mg/kg every two weeks, 10 mg/kg every two weeks 
for one month and every month thereafter, and 20 mg/kg every week for one 
month and every two weeks thereafter. At doses ≥10 mg/kg 10 mg/kg OS and 
PFS were 18.7 and 4.6 months respectively, whereas ORR was 24.3% [41]. During 
the second part of the same study, patients with RRMM (median 4, range 2–10 
prior lines of therapy) were randomized to receive isatuximab 20 mg/kg every 
week for one month, followed by 20 mg/kg every two weeks, with (n = 109) or 
without (n = 55) dexamethasone. Median PFS and OS were 4.9 and 18.9 and 
10.2 for Isatuximab monotherapy and 10.2 and 17.3 for Isatuximab DEX group, 
respectively [42].

Isatuximab has also shown a synergistic effect when combined with 
Lenalidomide and dexamethasone. Fifty-seven patients with RRMM (median 5, 
range 1–12 prior lines of therapy) with 83% refractory to Lenalidomide received 
Isatuximab in combination with Lenalidomide and dexamethasone in this phase 
Ib dose-escalation study. The primary objective of the study was the determina-
tion of maximum tolerated dose (MTD) of Isatuximabwithin the combination 
with Lenalidomide and dexamethasone. The ORR was similar in both cohorts, 
56%. Only one dose-limiting toxicity was reported (pneumonia grade II at 20 mg/
kg/QW/Q2W), which resolved after discontinuation of treatment. The MTD was 
not reached. IRRs occurred mostly during the first infusion and were mild (grade 
I or II) regarding severity. These results demonstrate that the combination of 
Isatuximab with standard doses of Lenalidomide and Dexamethasone was active 
and well-tolerated in patients with RRMM [43].

Another phase Ib trial (NCT02283775) evaluated the tolerability and safety 
of Isatuximab in combination with Pomalidomide and low-dose dexametha-
sone in patients with RRMM, who had received prior treatment with a PI and 
Lenalidomide. Forty-five patients with a median of three (range 1–10) prior lines of 
therapy were recruited. 91% of patients were refractory to their last line of therapy, 
84% were PI refractory, and 82% Lenalidomide refractory. Patients received 
Isatuximab at 5, 10, or 20 mg/kg (every week for four weeks and every two weeks 
thereafter), Pomalidomide 4 mg (days 1–21), and dexamethasone 40 mg weekly, 
in 28-days cycles until progressive disease or unacceptable toxicity. The primary 
objective was the determination of the recommended dose of Isatuximab within 
this combination, along with safety. Secondary objectives included evaluation of 
efficacy, pharmacokinetics, and immunogenicity. Among 45 enrolled patients, 
8 received Isatuximab at 5 mg/kg, 31 at 10 mg/kg and 6 at 20 mg/kg for median 
duration of 9.6 months. The most common adverse events included fatigue (62%), 
infusion reactions (42%), and upper respiratory tract infections. Infusion-related 
reactions, which were mainly grade I or II, occurred mostly during the first 
administration of the drug and were manageable with corticosteroids and antihis-
tamines. Median PFS and median duration of response were 17.6 and 18.7 months, 
respectively. ORR was 62%. These results demonstrated that the combination of 
Isatuximab with Pomalidomide and dexamethasone was safe and effective in heav-
ily pretreated patients with MM [44].
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Based on these encouraging results, the phase III ICARIA trial (NCT02990338) 
compared the combination Of Isatuximab Pom Dex (IPd) versus Pom dex (Pd) in 
307 patients with RRMM who had received at least two prior lines of treatment, 
including Lenalidomide and a proteasome inhibitor (median three range 2–4). 
Patients received Isatuximab 10 mg/kg every week for the first cycle and on days 
1 and 15 in the subsequent cycles, plus pomalidomide 4 mg/day (day 1–21) and 
dexamethasone 40 mg (or 20 mg for patients >75 years) weekly on 28 days cycles. 
Progression-free survival was the primary endpoint. After a median follow-up of 
11.6 months, median progression-free survival was 11.5 months (95% CI 8.9–13.9) 
in the IPd group versus 6.5 months (4.5–8.3) in the Pd group;(HR 0.596, 95% CI 
0.44–0.81; p = 0·001). Responses in the IPd arm occurred faster with a significantly 
longer duration in comparison with the IPd arm. Additionally, patients in the IPd 
arm achieved a higher percentage of MRD negativity. The addition of Isatuximab to 
Pom dex, resulted in significant improvement of PFS [45]. The consistency of the 
results from the primary analysis was evaluated in patients with soft tissue plasma-
cytomas. Data presented at the last ASH meeting showed that PFS and ORR were 
improved from the addition of Isatuximab to Pd in the subgroup of patients with 
extramedullary disease. Median PFS was 4.57 (95% CI: 2.40, not calculable) vs. 1.56 
(95% CI: 0.95, 4.47) months in the IPd and Pd arm, respectively, whereas ORR was 
50% (7/14 responders) and 10% (1/10 responders) in the IPd and Pd group. ASH 
2289 Based on the results of the ICARIA trial, FDA and EMA approved the combi-
nation of IPd, in patients with RRMM.

The combination of Isatuximab with Carfilzomib has been evaluated in a phase 
Ib clinical trial (NCT02332850) [46]. In the dose-escalation part of the study, 
patients with RRMM who had received at least two prior (median three range 
2–8) lines of treatment were randomized to receive Isatuximab in 3 different dose 
levels (DL) 10/kg every two weeks, 10 mg/kg every week for a month and every 
two weeks thereafter and 20 mg/kg every week for a month and every two weeks 
thereafter, in combination with K at dose 27 mg/m 2. Fifteen patients received 
treatment in the dose-escalation and 18 in the dose-expansion cohort at DL2. The 
primary objective was the determination of the maximum tolerated dose (MTD). 
Secondary objectives included the assessment of efficacy and safety. Preliminary 
results showed a 66% ORR in all dose levels. Median PFS was not reached. Based 
on these results, the phase III IKEMA study (NCT03275285) compared the com-
bination of IKd vs. Kd in the RR setting. Three hundred two patients with RRMM 
were randomized to receive IKd (n = 179) or Kd (n = 123). The administration of 
Isatuximab was 10 mg/kg iv weekly during the first month and every two weeks 
thereafter, whereas administration of Carfilzomib was 20 mg/m2 and 56 mg/m2 
thereafter. The primary endpoint was PFS, and the secondary endpoints were OS 
and ORR [47]. Preliminary data were presented in the last ASH meeting. After a 
median follow-up of 20.7 months there was a statistically significant improvement 
of PFS in the IKd group (median PFS was not reached for IKd vs. 19.15 months 
for Kd; HR 0.531 (99% CI 0.318–0.889), one-sided p = 0.0007, with consistency 
among subgroups. ORR was 86.6% IKd vs. 82.9% for Kd, one-sided p = 0.1930. 
MRD negativity (10–5) in the intent to treat population (ITT) was 29.6% (53/179) 
vs. 13.0% (16/123) in the IKd and Kd groups, respectively descriptive p = 0.0004. 
Data regarding OS were immature at the time of primary analysis. The percentages 
of AES and SAEs were similar between the two groups. To conclude, the addition of 
Isatuximab to Kd lead to a significant improvement in PFS and depth of response. 
IKD may represent a new standard of care regimen for patients with RRMM [48].

Isatuximab is currently under investigation in the upfront setting. In transplant-
ineligible patients, IMROZ trial (NCT03319667) is comparing the quadruplet 
combination Isatuximab-VRd with VRD, while another ongoing trial is comparing 
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results showed a 66% ORR in all dose levels. Median PFS was not reached. Based 
on these results, the phase III IKEMA study (NCT03275285) compared the com-
bination of IKd vs. Kd in the RR setting. Three hundred two patients with RRMM 
were randomized to receive IKd (n = 179) or Kd (n = 123). The administration of 
Isatuximab was 10 mg/kg iv weekly during the first month and every two weeks 
thereafter, whereas administration of Carfilzomib was 20 mg/m2 and 56 mg/m2 
thereafter. The primary endpoint was PFS, and the secondary endpoints were OS 
and ORR [47]. Preliminary data were presented in the last ASH meeting. After a 
median follow-up of 20.7 months there was a statistically significant improvement 
of PFS in the IKd group (median PFS was not reached for IKd vs. 19.15 months 
for Kd; HR 0.531 (99% CI 0.318–0.889), one-sided p = 0.0007, with consistency 
among subgroups. ORR was 86.6% IKd vs. 82.9% for Kd, one-sided p = 0.1930. 
MRD negativity (10–5) in the intent to treat population (ITT) was 29.6% (53/179) 
vs. 13.0% (16/123) in the IKd and Kd groups, respectively descriptive p = 0.0004. 
Data regarding OS were immature at the time of primary analysis. The percentages 
of AES and SAEs were similar between the two groups. To conclude, the addition of 
Isatuximab to Kd lead to a significant improvement in PFS and depth of response. 
IKD may represent a new standard of care regimen for patients with RRMM [48].

Isatuximab is currently under investigation in the upfront setting. In transplant-
ineligible patients, IMROZ trial (NCT03319667) is comparing the quadruplet 
combination Isatuximab-VRd with VRD, while another ongoing trial is comparing 
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Isatuximab-VRd to Isatuximab VCD(NCT02513186). In transplant-eligible patients, 
ISKIA trial is currently investigating the combination of Isatuximab-KRd vs. KRd as 
part of induction and consolidation regimen (NCT04483739).

2.3 Elotuzumab

2.3.1 Elotuzumab mechanism of action

SLAMF7 (signaling lymphocytic activation molecule family 7) or CD319 is a 
cell surface glycoprotein CD2/subset 1 (CS1). SLAMF7 expression is restricted 
to normal and abnormal plasma cells and NK lymphocytes [49]. Activation of 
SLAMf7 pathway promotes cell growth and survival. It also plays a critical role in 
the interaction with the bone marrow microenvironment [49, 50]. Elotuzumab is 
humanized, first in class IgG1 monoclonal antibody targeting SLAMF7. Elotuzumab 
primarily activates NK cells promoting antibody-dependent cellular cytotoxicity 
(ADCC). Elotuzumab has shown no activity when used as a single agent in MM 
patients.

2.3.2 Elotuzumab clinical trials

The large phase III ELOQUENT 2 trial (NCT01239797) evaluated the addi-
tion of Elotuzumab at the dose of 10 mg/kg to Lenalidomide and dexamethasone 
(Rd) in 646 patients with RRMM (94% lenalidomide naïve patients) who had 
received 1–3 prior lines of treatment. Patients received Lenalidomide 25 mg for days 
1–21 and dexamethasone 40 mg on a weekly basis on 28-day cycles. Elotuzumab 
administration was 10 mg/kg weekly for the first two cycles, and 20 mg/kg on a 
monthly basis thereafter. Primary endpoints included PFS and ORR. OS was one 
of the key secondary endpoints. After an initial follow-up of 24.5 months, the 
rates of median PFS and ORR were 19.4 versus 14.9 months (HR for progression or 
death 0.70; 95% CI 0.57 to 0.85; P < 0.001) and 79%, versus 66% in the ELO Rd. 
and Rd. groups respectively. 26035255. PFS rates demonstrate sustained improve-
ment after two (52%) and three (44%) years of follow-up (relative risk of disease 
progression or death by 30% and 27% respectively) 30204239. More recent data, 
after a 4-year follow-up, demonstrate sustained OS benefit (50 months for ELO Rd. 
versus 43 months for Rd. HR: 0.78; 95%CI: 0.63–0.96). 30719202 Administration 
of Elotuzumab was relatively safe. Most common grade 3 or 4 AEs in both arms 
included lymphopenia, neutropenia, pneumonia, and fatigue. Based on this trial 
Elotuzumab was granted approval by the FDA in December 2015 and EMA in 2016, 
in combination with Rd., for patients with RRMM, who had received at least one 
prior line of treatment [51].

Elotuzumab has also been evaluated in combination with Pomalidomide and 
dexamethasone (Pd). Eloquent 3 (NCT02654132) is a randomized phase II trial, 
comparing the combination of ELO Pd versus Pd in 117 patients who were refrac-
tory or relapsed and refractory to Lenalidomide and a proteasome inhibitor. 
Patients received Pomalidomide 4 mg for day 1–21 and dexamethasone 40 mg on a 
weekly basis on 28-day cycles. Elotuzumab administration was 10 mg/kg weekly for 
the first two cycles and 20 mg/kg on a monthly basis thereafter. Sixty patients were 
assigned to the ELO Pd group and 57 patients to the Pd group. After a follow up of 
9.1 months, patients in the ELO Pd group had significantly increased PFS (10.3 vs. 
4.7 months HR 0.54 CI0.34 to 0.86; P = 0.008) and ORR (53% vs. 26% odds ratio, 
3.25; 95% CI, 1.49 to 7.11) in comparison with the Pd group. No significant dif-
ferences were reported in the safety profiles of the two arms. Based on the results 
of the ELOQUENT III trial, Elotuzumab granted approval by the FDA in 2018 
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for RR patients who had received at least two prior lines of treatment, including 
Lenalidomide and a PI [52].

2.4 Antibody drug conjugates (ADCs)

BCMA, is a and member of the tumor necrosis factor receptors (TNFR) super-
family [53, 54]. BCMA is primarily expressed in late-stage B-lineage cells, normal 
and malignant plasma cells, and B-lymphocytes, with very low expression on non-
hematologic cells [55]. BCMA has two main ligands: a proliferation-inducing ligand 
(APRIL) and B-cell activating factor (BAFF) [56–58]. Following binding of APRIL 
and BAFF, BCMA expression is selectively upregulated during malignant trans-
formation of plasma cells, playing a critical role in survival, drug resistance, and 
tumor cell growth through activation of intracellular signal transduction pathways 
such as STAT3, phosphoinositide 3-kinase (PI3K), AKT, NFB and MAPK [59–63]. 
As demonstrated in BCMA knock-down mouse models, BCMA is not required for 
normal B-cell differentiation and homeostasis [64]. The shedding of BCMA from 
the cell surface is mediated by γ-secretase and results in a soluble form (soluble 
BCMA, sBCMA). Higher sBCMA levels have been associated with inferior clinical 
outcomes. In preclinical models, inhibition of BCMA, with specific antibodies, 
showed significant anti-myeloma activity. The aforementioned facts make BCMA 
an ideal therapeutic target for the treatment of Multiple Myeloma and provide the 
rationale for the development of anti-BCMA monoclonal antibodies.

GSK2857916 (Belantamab Mafodotin) is the first anti-BCMA ADC that has been 
investigated in clinical trials. This afucosylated, humanized, IgG1 monoclonal anti-
body is conjugated to monomethyl auristatin F (MMAF), an inhibitor of tubulin 
polymerization, through a protease-resistant maleimidocaproyl linker. Following 
binding to the plasma cell surface, GSK2857916 is internalized and the active 
cytotoxic drug (cys-mcMMAF) is released following enzymatic cleavage leading to 
cell death. Mechanisms of action include NK-cell mediated ADCC and ADCP [65].

DREAMM 1 (NCT02064387) is a first in human phase I, open-label study, 
which evaluated the administration of GSK2857916 in patients with RRMM and 
other hematologic malignancies expressing BCMA in terms of efficacy and safety. 
Dose escalation cohort (part I) included solely patients with MM who have failed 
previous treatment regimens, including stem cell transplant (if eligible) IMiDs, PIs, 
and alkylators, while the dose-expansion cohort (part2) included both patients with 
MM and relapsed follicular lymphoma or diffuse large B-cell lymphoma. Regarding 
MM patients in the expansion cohort, 57% had five or more prior lines of therapy; 
89% were double (PI and IMiD) and 34% triple (PI, IMiD, and daratumumab) 
refractory. GSK2857916 was administered intravenously every three weeks as a 1 hr. 
infusion in 38 patients at different dose levels (0.03–4.6 mg/kg). Primary endpoints 
were safety, determination of maximum tolerated dose (MTD), and recommended 
phase 2 dose. Secondary objectives were the determination of pharmacodynam-
ics and pharmacokinetics parameters, anti-drug antibodies, and clinical activity. 
In dose-expansion, patients received the selected recommended phase 2 dose 
of 3.4 mg/kg. Overall, 73 patients were recruited, thirty-eight in dose escalation 
and thirty-five in the dose-expansion cohort. Notably, BCMA expression was not 
included in the eligibility criteria of study [66].

Updated results of this study, after an extended median follow-up of 
12.5 months, demonstrate that was effective in this heavily pretreated group of 
patients [67]. Achievement of response occurred early during the study after the 
first or second infusion. Interestingly, dose reduction did not affect the depth and 
duration of response. 21/65 patients in the dose-expansion part achieve partial or 
better response, including 2PRs, 14VGPRs, 3CRs, and two sCRs. 18/32 (56.3%) 
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previous treatment regimens, including stem cell transplant (if eligible) IMiDs, PIs, 
and alkylators, while the dose-expansion cohort (part2) included both patients with 
MM and relapsed follicular lymphoma or diffuse large B-cell lymphoma. Regarding 
MM patients in the expansion cohort, 57% had five or more prior lines of therapy; 
89% were double (PI and IMiD) and 34% triple (PI, IMiD, and daratumumab) 
refractory. GSK2857916 was administered intravenously every three weeks as a 1 hr. 
infusion in 38 patients at different dose levels (0.03–4.6 mg/kg). Primary endpoints 
were safety, determination of maximum tolerated dose (MTD), and recommended 
phase 2 dose. Secondary objectives were the determination of pharmacodynam-
ics and pharmacokinetics parameters, anti-drug antibodies, and clinical activity. 
In dose-expansion, patients received the selected recommended phase 2 dose 
of 3.4 mg/kg. Overall, 73 patients were recruited, thirty-eight in dose escalation 
and thirty-five in the dose-expansion cohort. Notably, BCMA expression was not 
included in the eligibility criteria of study [66].

Updated results of this study, after an extended median follow-up of 
12.5 months, demonstrate that was effective in this heavily pretreated group of 
patients [67]. Achievement of response occurred early during the study after the 
first or second infusion. Interestingly, dose reduction did not affect the depth and 
duration of response. 21/65 patients in the dose-expansion part achieve partial or 
better response, including 2PRs, 14VGPRs, 3CRs, and two sCRs. 18/32 (56.3%) 
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patients who were double refractory (IMiDs and PIs) achieved response to treat-
ment. For double refractory patients (IMiDs and PIs), with prior Daratumumab 
exposure, OR was 38.5%. The median PFS and DOR were 12 and 14.3 months, 
respectively. Among double refractory patients, the median PFS was 7.9 months. For 
patients with and without prior Daratumumab exposure, median PFS was 6.8 and 
15.7 months, respectively. For double refractory patients with prior Daratumumab 
exposure, median PFS was 6.2 months [67].

The most frequent AEs were fatigue, nausea, chills, anemia, pyrexia, hyper-
calcemia, thrombocytopenia, and dry eye, while the most common grade 3 or 4 
toxicities included neutropenia, anemia, and thrombocytopenia. Infusion-related 
reactions (IRRs) (Grade 1 or 2) were reported in 7 patients across all dose levels, 
and all of them occurred during the first dose. Of note, there were no dose-limiting 
toxicities (DLT) and no MTD identified in the dose-escalation phase. Ocular 
toxicity, including blurred vision, foreign body sensation, and photophobia, were 
common presented in 53% of patients in part 1 and in 63% in part 2. Most common 
findings during eye examination under a slim lamp included keratitis and corneal 
microcystic changes. All AEs were reversible. The median time to onset was 23 days 
(range 1–84). Management included dose reductions and/or delays, artificial tears, 
and steroid eye drops. The median time to resolution was 30 days (range 5–224). 
Even though the exact pathophysiologic mechanism of keratopathy is unknown, it 
may be attributed to the uptake of the payload (MMAF) in the basal epithelial layer 
of the cornea 2938270. Ocular toxicity resulted in two treatment discontinuations in 
part 1 and no discontinuations in part 2 of the study. The main reasons for treat-
ment discontinuation were disease progression (n = 15) and AEs (n = 2). Based on 
these promising results, FDA granted GSK2857916 a breakthrough therapy des-
ignation for the treatment of RRMM patients who had receive three prior lines of 
treatment, including an anti-CD38 antibody, and were refractory to both an IMiD 
and a PI [68].

Following the encouraging results of DREAMM-1 study, the subsequent 
DREAMM-2 trial (NCT03525678) further explored the safety and activity of 
Belantamab mafodotin (GSK2857916) in the RR setting. Patients were refractory 
to PI, IMiD and an anti-CD38 mAb alone or in combination and randomized 1:1 to 
receive 2.5 mg/kg (n = 97) or 3.4 mg/kg (n = 99) Belantamab Mafodotin iv, every 
three weeks until disease progression or unacceptable toxicity. Regarding refractori-
ness to previous lines of treatment, 76% and 75% were refractory to bortezomib, 
65% and 58% to Carfilzomib, 90% and 89% to Lenalidomide, 87% and 78% to 
Pomalidomide and 100% and 92% to Daratumumab in the 2.5 and 3.4 mg/kg dose 
arms, respectively. Patients had receive a median of 6 (range 3–21) and 7(range 
3–21) prior lines of treatment, respectively [69].

Overall response rate (ORR) was the primary objective of the study. After a 
median follow up of 6.5 months (6.3 in the 2.5 mg cohort and 6.9 in the 3.4 mg 
cohort), median PFS was 2.9(95% CI: 2.1–3.7) and 4.9(95% CI: 2.3–6.2) months 
in the two groups while the ORR was 31% (30/97 97.5% CI 20.8–42.6) and 34% 
(34/99CI 23.9–46) respectively 31859245. At this time point, OS data were not 
mature. Updated analysis of this trial, with a median, follow up of 9 months, 
demonstrated a median PFS of 2.8 and 3.9 months in the two cohorts with one year 
OS probability of 53% 21/48 and similar ORR among the group of patients with 3–6 
(34%) and seven or more (30%) prior lines of therapy [69]. Two post hoc analyses 
demonstrate the efficacy of Belantamab mafodotin in the subgroups of patients 
with high-risk cytogenetics and impaired renal function (EGFR 30 ml/min) 
[70, 71].

Regarding AEs, this study confirmed the frequent occurrence of corneal 
events. 72% of patients developed keratopathy of any grade, while 31% developed 
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keratopathy grade 3–4. Keratopathy was attributed to the MMAF payload and was 
reversible after temporary discontinuation of the drug. Other frequent adverse 
events grade 3–4 were anemia (21%) and thrombocytopenia (22%). Infusion-related 
reactions (IRRs) were reported in 21% and 16% in the two treatment arms and were 
mostly grade 1 or 2. Serious AEs occurred in 40% and 47% in the 2.5 mg/kg and 
3.4 mg/kg cohorts respectively. Two reported cases lead to death, potentially con-
nected to study drug. One case of sepsis in the 2.5 mg/kg and one of haemophago-
cytic lymphohistiocytosis in the 3.4 mg/kg cohort.

Currently, the role of Belantamab Mafodotin (GSK2857916) is being evaluated 
in the RRMM setting.

DREAMM-6 (NCT03544281) is an ongoing Phase I/II, a two-part study of 
GSK2857916 in combination with lenalidomide/dexamethasone (Arm A) or BorDex 
(Arm B) in patients with RRMM who had received ≥one prior therapy. Refractory 
to Bortezomib patients were not excluded. Preliminary results from Arm B, pre-
sented in the last ASH meeting, have shown a high ORR of 78% (95% CI 52.4–93.6). 
No new safety signals have emerged. 

Three-phase III studies are currently ongoing, evaluating the safety and efficacy 
of belantamab mafodotin in combination with Pomalidomide (NCT04162210; 
DREAMM-3) daratumumab plus bortezomib (NCT04246047; DREAMM-7) or 
Pomalidomide plus Bortezomib (NCT04484623: DREAMM-8). The results are 
eagerly awaited.

MEDI2228 is another antibody-drug conjugate (ADC) composed of fully human 
monoclonal antibody, conjugated to a dimeric cross-linking pyrrolobenzodiaz-
epine (PBD) dimer (tesirine) via a protease-cleavable dipeptide (valine-alanine) 
linker8/42 MEDI2228 has shown potent antitumor activity in preclinical models, 
including cell lines resistant to Lenalidomide. Based on these reports, a phase I 
open-label, dose-escalation, and expansion first in-human study (NCT03489525) 
evaluated safety, clinical activity, and pharmacokinetics of MEDI2228 in patients 
with RRMM. All patients had progressive disease after treatment with an IMiD, a 
PI, and a monoclonal antibody. In the dose-escalation part of the study, MEDI2228 
was administered iv every three weeks in five sequentially ascending dose levels 
(0.0125, 0.025, 0.05, 0.1, and 0.2 mg/kg). DLTS lead to dose de-escalation from 
0.2 mg/kg to 0.14 mg/kg. Primary endpoints included safety and tolerability. 
0.14 mg/kg Q3W was determined as the maximum tolerated dose (MTD). In the 
0.14 mg/kg cohort 53.7% experienced photophobia and 19.5% eye dryness. There 
were no incidents of visual acuity loss or keratopathy in the 0.14 mg/kg cohort. 
Other treatment-related AEs included thrombocytopenia (31.7%) rash (29.3%), 
increased gamma-glutamyltransferase (24.4%) and pleural effusion (19.5%). In 
the 0.14 mg/kg cohort, ORR was 61.0% (95% [CI]: 44.5%, 75.8%), including 10 
(24.4%) VGPRs and 15 (36.6%) PR. These data suggest that MEDI2228 is clinically 
efficient in this heavily pretreated group of patients [72].

2.5 Bispecific antibodies

Bispecific T-cell engagers (BiTEs) are monoclonal antibodies with two separate 
antigen recognition domains. One with a high affinity to an antigen in the surface of 
tumor cell and another targeting CD-3 in the surface of T-cells. Binding to those two 
distinct epitopes leads to the formation of an immunologic synapse. Binding to the 
CD3e epitope augments the t-cell recruitment and activation, leading to cell death. 
In MM, the majority of BiTEs targeting BCMA in the surface of plasma cells.

AMG-420, formerly known as BI 836909, is the first BiTE demonstrating 
clinical activity. It is comprised of two single-chain variable fragments (scFvs), 
one targeting BCMA and one targeting CD3. AMG-420 is the compound with the 
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most available data to date. In a first in human dose-escalation study, AMG420 
was administered in 42 patients with RRMM (NCT02514239). Eligible patients 
had progressed after a minimum of 2 prior lines of treatment, including a PI and 
an IMiD 31895611. The median number of prior lines of therapy was 4 (range 
2–13). 31% of patients were double refractory to IMiDs and PIs, and 21% were 
daratumumab refractory. AMG420 was administered at different dose levels, 
0.2-800 μg/d, through a continuous iv infusion for four weeks in 6-week cycles due 
to its low molecular weight and short half-life. Patients received treatment for up to 
10 cycles Monitoring of toxicities required hospitalization at the beginning of cycles 
one (4 days) and two (1 day) [73].

There were two deaths reported from adverse events: One patient in the 50 μg/d 
cohort died after the first cycle due to respiratory distress syndrome caused by 
concurrent influenza and aspergillosis, and one from hepatic failure from adeno-
virus. None of these incidents were considered related to treatment. There were no 
grade 3 or greater CNS toxicities reported. At the 800 μg/d dose level, two-thirds 
of the patients experienced DLTs. One patient had gr 3 CRS and one gr 3 peripheral 
polyneuropathy, which included progressive dysfunction of the peripheral motor 
and sensory nerves. Following the interruption of the study drug, both toxicities 
resolved. No DLTs were observed up to the level of 400 μg/d. In the most recent 
follow-up of the study, 40 patients discontinued treatment. Twenty-five due 
to disease progression, seven due to AEs, four died, three completed treatment 
(10 cycles), and 1 withdraw consent [73]. ORR was 31% (13/42patients). At the 
MTD of 400 μg/d, the response rate was 70% (7/10). In the 400 μg/d group, five 
patients achieved MRD negativity, one achieved PR, and one VGPR.

As mentioned, because of its low molecular weight and short half-life, AMG420 
was administered through a continuous iv infusion for four weeks in 6-week cycles 
due to its low molecular weight and short half-life. AMG 701, a BiTE with an 
extended half-life allowing once-weekly subcutaneous administration, was devel-
oped and is currently under investigation (NCT03287908).

PF-06863135 (PF-3135) is a humanized Ig-like Bispecific antibody target-
ing both BCMA and CD3. PF-06863135 has been administered intravenously at 
0.1–50 μg/kg weekly in patients with RRMM. Preliminary results demonstrate 
antimyeloma activity. The maximum tolerated dose was not reached [74]. In order 
to reduce the maximum concentration (Cmax) of the drug, which was possibly 
associated with inflammatory response and cytokine release syndrome (CRS), 
subcutaneous administration of the drug was tested. Preliminary results were 
reported in the last ASH meeting [75]. 2 6/8(75%) patients achieved a response at 
the two highest dose levels evaluated. The sc administration modulates Cmax. This 
could allow the administration of higher doses without increased incidence of CRS. 
The trial is ongoing.

3. Immune checkpoint inhibitors

The programmed death-1 (PD-1) receptor is a type-1 transmembrane glyco-
protein, expressed on antigen-activated B-cells, T-cells, and NK-cells. The binding 
of PD-1 ligands (PD-L1 and PD-L2) on PD-1 receptor results in downregulation of 
immune functions mediated by T-cells such as cytokine production, t-cell prolif-
eration, and cytotoxicity [76]. The overexpression of PD-L1 and PD-L2 is a well 
recognizable mechanism of immune evasion. Preclinical data from MM patients 
have shown an increased expression of PD-L1 and PD-1 on malignant plasma cells 
and T and NK cells respectively [77, 78]. The deciphering of this particular mecha-
nism of action has lead to the development of immune checkpoint inhibitors that 
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Description Phase NCT number Population

DARATUMUMAB

A Study of Daratumumab Plus Lenalidomide Versus 
Lenalidomide Alone as Maintenance Treatment 
in Participants With Newly Diagnosed Multiple 
Myeloma Who Are Minimal Residual Disease Positive 
After Frontline Autologous Stem Cell Transplant 
(AURIGA)

3 NCT03901963 NDMM

Study of Melphalan Flufenamide (Melflufen) in 
Combination With Daratumumab in Relapsed 
Refractory Multiple Myeloma (LIGHTHOUSE)

3 NCT04649060 RRMM

Daratumumab, VELCADE (Bortezomib), 
Lenalidomide and Dexamethasone Compared to 
VELCADE, Lenalidomide and Dexamethasone 
in Subjects With Previously Untreated Multiple 
Myeloma (PERSEUS)

3 NCT03710603 NDMM

ISATUXIMAB

Isatuximab Bortezomib, Lenalidomide and 
Dexamethasone Combination in NDMM Patients Not 
Eligible for Transplant (IMROZ)

3 NCT03319667 NDMM

Isa-KRd vs. KRd in Newly Diagnosed Multiple 
Myeloma Patients Eligible for Autologous Stem Cell 
Transplantation (IsKia)

3 NCT04483739 NDMM

ANTIBODY-DRUG CONJUGATES

Study of Single Agent Belantamab Mafodotin Versus 
Pomalidomide Plus Low-dose Dexamethasone (Pom/
Dex) in Participants With Relapsed/Refractory 
Multiple Myeloma (DREAMM-3)

3 NCT04162210 RRMM

Study Evaluating Safety, Tolerability and Clinical 
Activity of GSK2857916 in Combination With 
Pembrolizumab in Subjects With Relapsed/Refractory 
Multiple Myeloma (DREAMM-4)

1/2 NCT03848845 RRMM

Platform Study of Belantamab Mafodotin as 
Monotherapy and in Combination With Anti-cancer 
Treatments in Participants With Relapsed/Refractory 
Multiple Myeloma (RRMM) (DREAMM 5)

1/2 NCT04126200 RRMM

To Evaluate Safety, Tolerability, and Clinical Activity 
of the Antibody-drug Conjugate, GSK2857916 
Administered in Combination With Lenalidomide 
Plus Dexamethasone (Arm A), or in Combination 
With Bortezomib Plus Dexamethasone (Arm B) 
in Participants With Relapsed/Refractory Multiple 
Myeloma (DREAMM-6)

1/2 NCT03544281 RRMM

Evaluation of Efficacy and Safety of Belantamab 
Mafodotin, Bortezomib and Dexamethasone Versus 
Daratumumab, Bortezomib and Dexamethasone 
in Participants With Relapsed/Refractory Multiple 
Myeloma (DREAMM-7)

3 NCT04246047 RRMM

Belantamab Mafodotin Plus Pomalidomide and 
Dexamethasone (Pd) Versus Bortezomib Plus 
Pd in Relapsed/Refractory Multiple Myeloma 
(DREAMM-8)

3 NCT04484623 RRMM

Study of Belantamab Mafodotin Plus Standard of 
Care (SoC) in Newly Diagnosed Multiple Myeloma 
(DREAMM-9)

1 NCT04091126 NDMM
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block receptors (PD-1) and ligands (PD-L1 and PD-L2), resulting in the recovery of 
immune response.

Pembrolizumab is a humanized IgG4 monoclonal antibody with high speci-
ficity against PD-1 receptors. Pembrolizumab was evaluated in combination 
with Lenalidomide and low dose dexamethasone in a phase I dose-escalation 
study (KEYNOTE-023 trial NCT02036502). Sixty-six patients with RRMM were 
recruited. Pembrolizumab was treatment-related AEs. Grade 3 AEs (mainly cyto-
penias fatigue and diarrhea) occurred in 37 (59,7%) patients. ORR OS and median 
PFS were 44%, not reached, and 7.2 months respectively [79, 80]. Pembrolizumab 
has also been evaluated in combination with Pomalidomide and dexamethasone 
in another phase II study (NCT02289222). Forty-eight patients with RRMM were 
recruited. Patients had received 2–5 (median 3) prior lines of treatment. 73% were 
refractory to both IMIDs and PIs. ORR was 60%. The percentage of SCR and CR, 
VGPR, and PR were 8%, 19%, and 33%, respectively. After a median follow-up 
of 15.6 months, OS and PFS were not reached and 17.4 months, respectively.
(40%) [81].

Based on these results, two-phase three trials were designed to evaluate the com-
bination of Pembrolizumab dexamethasone with Lenalidomide (KEYNOTE-185 
NCT02579863) or Pomalidomide (KEYNOTE-183 NCT02576977) in ND and RR 
setting respectively. Interim analysis of both studies showed excessive administered 
for a median of 7 cycles (range 1–67). Overall, 95% of patients experienced unan-
ticipated deaths attributed to the combination of Pembrolizumab Dexamethasone 
with Lenalidomide or Pomalidomide. These results showed that the risk profile 
of these novel combinations was unfavorable, and both trials were terminated 
early [82, 83].

Nivolumab is a fully human IgG4 Moab targeting PD-1 receptors. Investigation 
of Nivolumab with IMiDS has been placed on clinical hold after reviewing data 

Description Phase NCT number Population

A Study of Belantamab Mafodotin (GSK2857916) 
in Multiple Myeloma Participants With Normal 
and Varying Degree of Impaired Renal Function 
(DREAMM-12)

1 NCT04398745 RRMM

A Study of Belantamab Mafodotin (GSK2857916) 
in Multiple Myeloma Participants With Normal and 
Impaired Hepatic Function (DREAMM-13)

1 NCT04398680 RRMM

BISPECIFIC ANTIBODIES

PF-06863135 As Single Agent And In Combination 
With Immunomodulatory Agents In Relapse/
Refractory Multiple Myeloma

1 NCT03269136 RRMM

MagnetisMM-3: Study Of Elranatamab (PF-
06863135) Monotherapy in Participants With 
Multiple Myeloma Who Are Refractory to at Least 
One PI, One IMiD and One Anti-CD38 mAb

2 NCT04649359 RRMM

First in Human (FIH) Study of REGN5458 in Patients 
With Relapsed or Refractory Multiple Myeloma

1/2 NCT03761108 RRMM

A Study of Teclistamab, in Participants With Relapsed 
or Refractory Multiple Myeloma

2 NCT04557098 RRMM

A Study of Talquetamab in Participants With Relapsed 
or Refractory Multiple Myeloma

2 NCT04634552 RRMM

Table 1. 
Ongoing clinical trials.

59

Antibody Therapies for Multiple Myeloma
DOI: http://dx.doi.org/10.5772/intechopen.98656

Author details

Nikolaos Kanellias*, Maria Gavriatopoulou and Evangelos Terpos
Department of Clinical Therapeutics, Medical School, Alexandra General Hospital, 
National and Kapodistrian University of Athens, Athens, Greece

*Address all correspondence to: nick.kanellias@gmail.com

regarding Pembrolizumab. Nivolumab is currently under investigation in com-
bination with daratumumab (NCT03184194), Elotuzumab (NCT02612779), 
Pomalidomide (NCT02726581), and Carfilzomib (NCT03605719) in phase 2 trials.

In Table 1, we present selected clinical trials conducted with monoclonal 
antibodies in the newly diagnosed and relapsed refractory setting.

4. Conclusion

Despite therapeutic improvements Multiple Myeloma remain an incurable 
disease. The treatment of patients with RR remains a challenging issue. Antibody 
therapy has significantly enhanced the armamentarium of therapeutic options. 
Further research should focus on tailoring the combination regimens based on 
disease and patient characteristics in order to optimize the efficacy and safety.
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Abstract

CD38 is a transmembrane glycoprotein expressed on the surface of different cell 
lines with several functions (receptor, adhesion molecule, ectoenzyme). Based on 
its high expression in multiple myeloma cells, CD38 is one of the main molecules 
used in the target therapy age. Daratumumab is the first fully human monoclonal 
antibody tested in clinical trials, showing efficacy in relapsed/refractory multiple 
myeloma patients, especially in combination with immunomodulants and/or pro-
teasome inhibitors. The synergic effect concerns multiple myeloma cells as well as 
the microenvironment (NK cells, macrophage, regulatory B/T cells and CD8+ effec-
tor cells). Therefore, the anti-multiple myeloma activity of Daratumumab greatly 
depends on the immune system: this is the reason why several ongoing clinical trial 
are testing its efficacy in the naïve patients, with a more effective immune system.

Keywords: daratumumab, monoclonal antibody, anti-CD38, multiple myeloma

1. Introduction: mechanism of action

Daratumumab is the first fully IgG1K-human monoclonal antibody targeting 
CD38.CD38, also known as cyclic ADP ribose hydrolase, is a transmembrane glyco-
protein expressed on the surface of hematopoietic and non-hematopoietic cell lines.

This protein plays different functions, both on the external and on the inner 
surface of cells. As a receptor, it takes part into the inflammatory response, stimu-
lating the production of a great variety of cytokines through the interaction with 
CD31, on the surface of T cells. As enzyme, it is involved in the metabolism of 
nicotinamide adenine dinucleotide (NAD+), leading to the synthesis of cyclic ADP 
ribose (cADPR) which regulates cellular calcium trafficking [1].

In the context of bone niche, CD38 expression is very high on the surface of 
plasma cells. Pioneering studies have shown that this glycoprotein plays a key-role 
in the oncogenesis of multiple myeloma: increased intracellular levels of NAD+ 
seem to be associated with a less susceptibility to apoptosis [2] and the synthesis of 
cADPR favours the escape of tumour cells from the immune system [3]. In vitro, 
CD38 seems also to be associated with the formation of nanotubes that transfer 
mitochondria from the stromal cells to myeloma cells, boosting myeloma cell 
proliferation and survival [4].
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Daratumumab binds CD38, killing tumour cells via Fc-dependent immune  effector 
mechanisms including complement-dependent cytotoxicity (CDC), antibody- 
dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular 
phagocytosis (ADCP) [5]. The complement activation seems to be the most effective 
mechanism used by Daratumumab [6]: the Fc tail of the drug binds the activating factor 
C1q leading both to ultimate activation of membrane attack complex and to deposition 
of C3b on the surface of multiple myeloma plasma cells. The activation of membrane 
attack complex causes osmotic lysis of cells while the deposition of complement factors 
attracts phagocytic cells. The recruitment of immune effector cells is also boosted by the 
release of circulating factors such as C3 and C5a (Figure 1).

The anti-tumour activity of Daratumumab does not depend only on the direct 
action on plasma cells but also on the interaction with other lymphoid and myeloid 
cells with a weak expression of CD38: NK cells, B and T regulatory cells and CD8+ 
effector cells. Krejcik et al. have demonstrated that bone marrow and peripheral 
blood from patients on treatment with Daratumumab present low levels of regula-
tory cells and high levels of NK and CD8+ effector cells. This monoclonal antibody 
may interfere with the immunosuppressive microenvironment in the multiple 
myeloma bone niche, in favour of major susceptibility for the plasma cells to the NK 
and CD8+ cells toxicity [7].

2. Pharmacokinetics

Daratumumab is usually administered at the dosage of 16 mg/kg weekly for 
8 weeks then every 2 weeks for 16 weeks and every 4 weeks thereafter until progres-
sion of disease. The administration on a mg/kg basis is due to the observation that 
distribution and clearance of daratumumab depends on bodyweight. It seems to be 
not influenced by age, gender, race, mild renal and liver impairment. To our knowl-
edge, the extra-liver metabolism of daratumumab is the reason for the absence of 
interactions with other drugs.

The efficacy and safety of this schedule have been demonstrated by two studies 
involving patients with relapsed/refractory multiple myeloma (RRMM) treated 
with the anti-CD38 monoclonal antibody as single agent: GEN501 and SIRIUS.

GEN501 was a phase I/II, open-label, multicenter study. In the dose-escalation 
part, sequential cohorts of patients received intravenous doses of daratumumab 
ranging from 0.005 to 24 mg/kg, administered over 6–8 h. In the dose-expansion 

Figure 1. 
Mechanism of action of daratumumab. Daratumumab binds CD38, killing myeloma cells via Fc-dependent 
immune effector mechanisms: CDC, ADCC and ADCP. Daratumumab also inhibits enzymatic activity of 
CD38, downregulating intracellular Ca2+ trafficking.
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study, in three of the enrolled cohorts, daratumumab was administered based on 
the findings from the previous part at 8 mg/kg weekly for 8 weeks, every 2 weeks 
for 16 weeks, and every 4 weeks until disease progression [8].

SIRIUS was a phase II study with two parts. In the first part, the patients were 
randomized to receive daratumumab 8 mg/kg every 4 weeks or 16 mg/kg weekly 
for 8 weeks, then every 2 weeks for 16 weeks and every 4 weeks thereafter. In the 
second part, all patients received daratumumab 16 mg/kg, according to the findings 
from the first part [9].

Intravenous administration of Daratumumab is associated with several side 
effects, included infusion-related reactions (see below). Therefore, this formula-
tion requires a very slow infusion rate which may represent a disadvantage for the 
patient. Sever trials are evaluating the subcutaneous administration as an alterna-
tive. In the phase 1b PAVO study, the subcutaneous formulation of the monoclonal 
antibody was administered in patients with RRMM in combination with the 
recombinant human hyaluronidase PH20 enzyme (rHuPH20) to depolymerize 
hyaluronan in the subcutaneous space and increase the absorption rate [10]. This 
formulation at the dosage of 1800 mg was well tolerated and allowed to obtain simi-
lar concentrations and responses to the intravenous administration. Non-inferiority 
of subcutaneous daratumumab to intravenous formulation has been confirmed by 
preliminary results of the ongoing phase III trial COLUMBA [11]: enrolled patients 
with RRMM are randomized to receive either intravenous daratumumab 16 mg/kg 
or subcutaneous daratumumab 1800 mg. According to these studies, the approval 
of this formulation by the regulatory bodies is on the agenda.

3. Daratumumab in relapsed/refractory multiple myeloma

Approval of daratumumab by regulatory bodies was made possible thanks to 
clinical trials evaluating its use in RRMM. Patients with RRMM still represent the 
patients best benefitting from this monoclonal antibody, both as single agent and in 
combination with other agents (Table 1a).

3.1 Daratumumab in relapsed/refractory multiple myeloma as single agent

GEN501 and SIRIUS are the two main trials who led to approval of monotherapy 
with daratumumab. Both studies enrolled patients with RRMM: patients in GEN501 
had relapsed after or were refractory to ≥2 prior lines of therapy, including inhibi-
tors of proteasome (PIs), immunomodulatory drugs (IMiDs), chemotherapy and 
autologous stem cell transplantation (ASCT); patients in SIRIUS had relapsed 
after ≥3 lines of therapy, including a PI and a IMiDs or were double refractory to 
the most recently received PI and IMiDs. The primary endpoint of GEN501 was 
evaluation of safety while SIRIUS was designed to first evaluate overall response 
rate (ORR). Data regarding 148 patients from pooled analysis of the two trials 
confirmed how daratumumab, at the dosage of 16 mg/kg, is effective and safe in a 
population of heavily pretreated patients [12]. With a median number of 12 infu-
sions, the ORR was 31.1%. At the time of the analysis, after a median follow-up of 
20.7 months, the progression free survival (PFS) was 4 months, with a 12-month 
PFS rate of 22%. Stratifying the patients by the response according to International 
Myeloma Working Group, the PFS and the overall survival (OS) went out to be 
15 months and not reached respectively for responders, 3 months and 18.5 months 
for patients with a stable disease or minimal response, 0.9 months and 3.7 months 
for non-responders. The median duration of response was 7.6 months and it deep-
ened and improved in patients continuing daratumumab.
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Daratumumab binds CD38, killing tumour cells via Fc-dependent immune  effector 
mechanisms including complement-dependent cytotoxicity (CDC), antibody- 
dependent cell-mediated cytotoxicity (ADCC) and antibody-dependent cellular 
phagocytosis (ADCP) [5]. The complement activation seems to be the most effective 
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C1q leading both to ultimate activation of membrane attack complex and to deposition 
of C3b on the surface of multiple myeloma plasma cells. The activation of membrane 
attack complex causes osmotic lysis of cells while the deposition of complement factors 
attracts phagocytic cells. The recruitment of immune effector cells is also boosted by the 
release of circulating factors such as C3 and C5a (Figure 1).

The anti-tumour activity of Daratumumab does not depend only on the direct 
action on plasma cells but also on the interaction with other lymphoid and myeloid 
cells with a weak expression of CD38: NK cells, B and T regulatory cells and CD8+ 
effector cells. Krejcik et al. have demonstrated that bone marrow and peripheral 
blood from patients on treatment with Daratumumab present low levels of regula-
tory cells and high levels of NK and CD8+ effector cells. This monoclonal antibody 
may interfere with the immunosuppressive microenvironment in the multiple 
myeloma bone niche, in favour of major susceptibility for the plasma cells to the NK 
and CD8+ cells toxicity [7].

2. Pharmacokinetics

Daratumumab is usually administered at the dosage of 16 mg/kg weekly for 
8 weeks then every 2 weeks for 16 weeks and every 4 weeks thereafter until progres-
sion of disease. The administration on a mg/kg basis is due to the observation that 
distribution and clearance of daratumumab depends on bodyweight. It seems to be 
not influenced by age, gender, race, mild renal and liver impairment. To our knowl-
edge, the extra-liver metabolism of daratumumab is the reason for the absence of 
interactions with other drugs.

The efficacy and safety of this schedule have been demonstrated by two studies 
involving patients with relapsed/refractory multiple myeloma (RRMM) treated 
with the anti-CD38 monoclonal antibody as single agent: GEN501 and SIRIUS.

GEN501 was a phase I/II, open-label, multicenter study. In the dose-escalation 
part, sequential cohorts of patients received intravenous doses of daratumumab 
ranging from 0.005 to 24 mg/kg, administered over 6–8 h. In the dose-expansion 

Figure 1. 
Mechanism of action of daratumumab. Daratumumab binds CD38, killing myeloma cells via Fc-dependent 
immune effector mechanisms: CDC, ADCC and ADCP. Daratumumab also inhibits enzymatic activity of 
CD38, downregulating intracellular Ca2+ trafficking.
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study, in three of the enrolled cohorts, daratumumab was administered based on 
the findings from the previous part at 8 mg/kg weekly for 8 weeks, every 2 weeks 
for 16 weeks, and every 4 weeks until disease progression [8].

SIRIUS was a phase II study with two parts. In the first part, the patients were 
randomized to receive daratumumab 8 mg/kg every 4 weeks or 16 mg/kg weekly 
for 8 weeks, then every 2 weeks for 16 weeks and every 4 weeks thereafter. In the 
second part, all patients received daratumumab 16 mg/kg, according to the findings 
from the first part [9].

Intravenous administration of Daratumumab is associated with several side 
effects, included infusion-related reactions (see below). Therefore, this formula-
tion requires a very slow infusion rate which may represent a disadvantage for the 
patient. Sever trials are evaluating the subcutaneous administration as an alterna-
tive. In the phase 1b PAVO study, the subcutaneous formulation of the monoclonal 
antibody was administered in patients with RRMM in combination with the 
recombinant human hyaluronidase PH20 enzyme (rHuPH20) to depolymerize 
hyaluronan in the subcutaneous space and increase the absorption rate [10]. This 
formulation at the dosage of 1800 mg was well tolerated and allowed to obtain simi-
lar concentrations and responses to the intravenous administration. Non-inferiority 
of subcutaneous daratumumab to intravenous formulation has been confirmed by 
preliminary results of the ongoing phase III trial COLUMBA [11]: enrolled patients 
with RRMM are randomized to receive either intravenous daratumumab 16 mg/kg 
or subcutaneous daratumumab 1800 mg. According to these studies, the approval 
of this formulation by the regulatory bodies is on the agenda.

3. Daratumumab in relapsed/refractory multiple myeloma

Approval of daratumumab by regulatory bodies was made possible thanks to 
clinical trials evaluating its use in RRMM. Patients with RRMM still represent the 
patients best benefitting from this monoclonal antibody, both as single agent and in 
combination with other agents (Table 1a).

3.1 Daratumumab in relapsed/refractory multiple myeloma as single agent

GEN501 and SIRIUS are the two main trials who led to approval of monotherapy 
with daratumumab. Both studies enrolled patients with RRMM: patients in GEN501 
had relapsed after or were refractory to ≥2 prior lines of therapy, including inhibi-
tors of proteasome (PIs), immunomodulatory drugs (IMiDs), chemotherapy and 
autologous stem cell transplantation (ASCT); patients in SIRIUS had relapsed 
after ≥3 lines of therapy, including a PI and a IMiDs or were double refractory to 
the most recently received PI and IMiDs. The primary endpoint of GEN501 was 
evaluation of safety while SIRIUS was designed to first evaluate overall response 
rate (ORR). Data regarding 148 patients from pooled analysis of the two trials 
confirmed how daratumumab, at the dosage of 16 mg/kg, is effective and safe in a 
population of heavily pretreated patients [12]. With a median number of 12 infu-
sions, the ORR was 31.1%. At the time of the analysis, after a median follow-up of 
20.7 months, the progression free survival (PFS) was 4 months, with a 12-month 
PFS rate of 22%. Stratifying the patients by the response according to International 
Myeloma Working Group, the PFS and the overall survival (OS) went out to be 
15 months and not reached respectively for responders, 3 months and 18.5 months 
for patients with a stable disease or minimal response, 0.9 months and 3.7 months 
for non-responders. The median duration of response was 7.6 months and it deep-
ened and improved in patients continuing daratumumab.
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3.1.1  Daratumumab in relapsed/refractory multiple myeloma in combination 
therapies: with IMiDs

Efficacy of daratumumab seems to be strengthened by other drugs used for 
multiple myeloma, given the synergic action on the immune system. As said 
before, the anti-CD38 may stimulate NK and T-cells, restoring “tumor suppressive 
immunological surveillance”. Also IMiDs could increase the amount of regulatory 
cells in the bone niche, through inhibition of some transcriptional factors (Ikaros 
and Aialos) and the subsequent production of interleukin 2 [13]. Furthermore, 
some studies show that the main target of daratumumab is upregulated by action 
of IMiDs [14]. NCT01615029 was the first trial exploring the applicability of these 
laboratory observations, investigating efficacy of daratumumab in combination 
with lenalidomide and dexamethasone (Rd) [15]. It was a phase 1/2 study addressed 
to patients with relapsed multiple myeloma: phase 1 was a dose-escalation study in 
which the dose of 16 mg/kg for daratumumab was again determined; phase 2 was 
a dose-expansion study using the recommended dose of the first part. The three 
drugs were administered in cycle of 28 days: daratumumab was given according to 
the standard schedule, lenalidomide at 25 mg/day from days 1 to 21 of each cycle 
and dexamethasone at 40 mg/week. This combination revealed to be safe and very 
effective: the 18-months PFS rate was 72% and ORR was 81%, in this case too with 
an improvement of responses in time. To evaluate the advantage of adding daratu-
mumab to a regimen with lenalidomide and dexamethasone, from 2014 to 2015, a 
phase III, randomized trial was carried out across Europe, Northern America and 
Asia [16]. The POLLUX trial enrolled 569 patients with multiple myeloma who had 

Trial Phase Therapy Primary outcome

(a) RRMM

GEN501 1/2 IV daratumumab single agent evaluation of safety

SIRIUS 2 IV daratumumab single agent ORR

PAVO 1B SC daratumumab Maximum ctrough
N° of patients with AEs

COLUMBA 3 IV daratumumab vs SC 
daratumumab

ORR
Maximum ctrough

NCT01615029 1 / 2 DARA-Rd ORR

CASTOR 3 DARA-Vd vs Vd PFS

POLLUX 3 DARA-Rd vs Rd PFS

(b) NDMM

ALCYONE 3 DARA-VMP vs VMP PFS

MAIA 3 DARA-Rd vs DARA-Rd PFS

CASSIOPEIA 3 DARA-VTd vs VTd sCR after consolidation
PFS

GRIFFIN 2 DARA-RVd vs RVd sCR after consolidation

PERSEUS 3 DARA-RVd vs RVd PFS

RRMM: Relapsed/Refractory Multiple Myeloma, IV: intravenous, SC: subcutaneous, Rd.: lenalidomide-
dexamethasone, Vd: bortezomib-dexamethasone, ORR: Overall Response Rate, Maximum CTrough: Maximum 
Concentration Trough, AEs: Advese Events, PFS: Progression Free Survival, NDMM: Newly Diagnosed Multiple 
Myeloma, VMP: bortezomib-melphalan-dexamethasone, VTd: bortezomib-thalidomide-dexamethasone, RVd: 
lenalidomide-botrezomib-dexamethasone, sCR: stringent Complete Response.

Table 1.  
Overview of main trials using Daratumumab in (a) RRMM, (b) NDMM.
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received one or more previous lines of therapy: 286 were assigned to the daratu-
mumab group (daratumumab plus lenalidomide and dexamethasone) and 283 to 
the control group (lenalidomide and dexamethasone). Also in this trial, each cycle 
was of 28 days, with daratumumab administered according to the usual schedule, 
lenalidomide at 25 mg/day from days 1 to 21 of each cycle and dexamethasone at a 
dose of 40 mg weekly. At 12 months, the PFS rate was 83.2% in the daratumumab 
group vs 60.1% in the control group. In a sub analysis, this extension of PFS in the 
experimental group went out to be independent from the number of previous lines 
of therapy and from the previous exposure to lenalidomide, even if the paucity 
of refractory patients to IMiDs enrolled in this trial may represent a bias. After a 
follow-up of 13.5 months, progression disease or death occurred in 53 patients in 
the daratumumab group vs 116 patients in the control arm, with a hazard ratio of 
0.37 in favour of the first group. Also in this case, an improvement of deepness of 
molecular response was observed with continuation of therapy with the mono-
clonal antibody and it translated in a longer survival. Indeed, 22.4% of patients 
in the experimental group had results below the threshold for minimal residual 
disease (MRD), compared to 4.6% in the control group. Neutropenia, diarrhea and 
infusional reactions were the main adverse events reported in the experimental arm 
with a higher incidence than in the control group but, in spite of that, the rate of 
grade 3 and grade 4 infections was not so different. In conclusion, POLLUX trial 
confirmed the efficacy and safety of adding daratumumab to a regimen with IMiDs 
and high-dose steroid. Furthermore, the excellent results below the threshold for 
minimal residual disease suggest that minimal residual disease negativity could 
represent a goal also for RRMM patients.

3.1.2  Daratumumab in relapsed/refractory multiple myeloma in combination 
therapies: with PIs

Some in-vitro studies have shown that not only IMiDs but also PIs interact with 
daratumumab in a synergic way, strengthening its effect. An assay performed by 
the Dutch group [14] evaluated the rate of lysis in samples of bone marrow mono-
nuclear cells from 16 multiple myeloma patients incubated with medium contain-
ing either daratumumab, lenalidomide and bortezomib or just one drug. The rate 
of lysis went out to be higher in the samples with the addition of daratumumab, 
showing that not only lenalidomide but also bortezomib enhance the effect of this 
monoclonal antibody by sensitizing the cells to the antibody-mediated lysis. The 
“lysis effect” was even better in cells from patients who previously showed refracto-
riness to IMiDs or IPs, suggesting that immunomodulatory effects of daratumumab 
may restore host susceptibility to anti-myeloma agents. Based on a phase 1b trial in 
which daratumumab showed encouraging results in combination with PIs-based 
regimens in naive patients [17], a phase 3 trial randomized patients with relapsed 
and/or refractory multiple myeloma to a treatment with only bortezomib and dexa-
methasone or with the addition of daratumumab [18]. Of 498 patients, 251 were 
assigned to the daratumumab group and 247 to the control group. Each cycle had a 
duration of 21 days. Daratumumab was administered at the usual dosage of 16 mg/
kg once per week during cycles 1 to 3, once every 3 weeks during cycles 4 to 8 and 
once every 4 weeks thereafter until toxicity or progression disease. Dexamethasone 
was given for a total dose of 160 mg per cycle and bortezomib was administered in 
the subcutaneous formulation at the dosage of 1.3 mg per square meter on days 1, 4, 
8 and 11 of cycles 1 to 8. The 12-month rate of PFS was 60.7% in the experimental 
group and 26.9% in the control group. After a follow up of 7.4 months, progression 
disease or death occurred in 67 patients in the daratumumab group vs 122 in the 
control group. Given the results of the interim analysis, the trial was unblended 
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earlier and patients in the control group with a progression disease were offered 
daratumumab monotherapy. This may represent a bias in the interpretation of all 
the long-term results. Nevertheless, this trial showed how daratumumab could give 
an advantage also in combination with PIs-based regimens. The recorded responses 
are deep and durable. The main adverse events reported in the daratumumab group 
were thrombocytopenia and infusion-related reactions but none of them led to a 
treatment discontinuation higher than in the control group.

3.1.3  Daratumumab in relapsed/refractory multiple myeloma in combination 
therapies: the experience from the Multiple Myeloma GIMEMA Lazio Group

Fazio et al. performed a multicentre retrospective analysis of patients with 
relapsed/refractory multiple myeloma treated with IMiDs or IPs-based regimens 
containing daratumumab in the hospitals of the GIMEMA (Gruppo Italiano 
Malattie Ematologiche dell’Adulto) network in the Italian region of Lazio [19]. Of 
188 patients, sixty-five performed at least one cycle of therapy and were evaluable 
for hematologic response. The ORR was 81.97%; with four patients (6.56%) achiev-
ing a stringent complete response (sCR), 20 (32.79%) patients a complete response 
(CR), 5 (8.2%) patients a non-complete response (NCR), 13 (21.31%) patients a 
very good partial response (VGPR) and 8 (13.11%) patients a partial response (PR). 
After a median follow-up of 8.8 (range 0.23–22.3) months, 50 (42.37%) patients 
were alive maintaining response, eight (13.11%) patients presented a progression 
disease and one (1.64%) patients died. The overall survival and progression-free 
survival were 86.3% (95% CI, 79.2–94) and 70.8% (95% CI, 61.2–82), respectively. 
The most common grade 3 or 4 hematologic treatment-emergent adverse events 
(TAEs) included neutropenia, anemia and thrombocytopenia. The most common 
non-hematologic TAEs, of any grade, were infections, peripheral sensory neuropa-
thy (7.6%) and fatigue (7.6%). Among the cases of infection, 17 (26%) patients 
presented pneumonia, eight (12%) patients FUO and five (7.7%) patients viral reac-
tivation. Our preliminary results confirm data from POLLUX and CASTOR trial, 
suggesting that treatment with daratumumab in combination with lenalidomide or 
bortezomib plus dexamethasone is a highly effective and well-tolerated regimen to 
be considered for multiple myeloma patients after first relapse.

3.1.4  Daratumumab in relapsed/refractory multiple myeloma in combination 
therapies: with other novel agents

In the setting of heavily pretreated myeloma patients, daratumumab has shown 
good results also in association with novel drugs belonging to the last generations 
of IMiDs and IPs. Both combination of daratumumab with pomalidomide and 
dexamethasone and with carfilzomib and dexamethasone allowed to obtain deep 
and durable responses with a tolerable toxicity profile [20, 21]. Therefore, it seems 
reasonable to use daratumumab in combination with triplets or quadruplets in 
RRMM to obtain the best response.

3.2  Daratumumab in relapsed/refractory multiple myeloma in combination 
therapy: after or before allogenic hematopoietic cell-transplantation for 
young patients?

Despite improvements in the MM outcome and in the depth and response dura-
tion following subsequent lines of therapy, MM remains an incurable disease. It is 
reasonable to consider allogenic (allo) hematopoietic cell transplantation (HCT) 
as a treatment strategy for young patients with high-risk disease and an available 
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donor. Allo-HCT is potentially effective by virtue of a graft-versus-myeloma (GvM) 
effect but currently, there is little available data regarding this treatment [22]. Given 
the action of daratumumab on the microenvironment, it could be used both to 
control the graft-versus-host disease and to improve the GvM effect. In the review 
by Nikolaenko et al., 34 patients treated with daratumumab after aploidentical HCT 
were evaluated [23]. The ORR after the treatment with the monoclonal antibody 
was 41%, only five cases of acute GVHD were reported and no cases of chronic 
GVHD, showing the efficacy of this strategy on a population of high-risk heavily 
pretreated patients. Based on this little data, we may speculate that the modification 
of microenvironment induced by daratumumab could be used to “plow the land” 
for the transplant. To our knowledge, none is known about the use of anti-CD38 as 
a bridge to the transplant. We recently reported the case of a young patients with 
relapsed myeloma after the standard induction therapy and a tandem ASCT who 
underwent 11 cycles of rescue therapy with daratumumab in combination with 
lenalidomide and dexamethasone, followed by haploidentical transplant. Thanks 
to this treatment, he achieved a partial response and is now on consolidation with 
Daratumumab-Rd regimen [24].

4. Daratumumab in untreated newly diagnosed multiple myeloma

More recently, the use of daratumumab has been also explored in the setting 
of newly diagnosed multiple myeloma (NDMM) patients, showing encouraging 
results both in the population of transplant eligible patients and in that of trans-
plant ineligible patients. The first results about daratumumab in NDMM patients 
proceed from a phase 1b study evaluating tolerability and safety of this monoclonal 
antibody in combination with myeloma backbone regimens: bortezomib-dexa-
methasone (VD), bortezomib-thalidomide-dexamethasone (VTD), bortezomib-
melphalan-dexamethasone (VMP), pomalidomide-dexamethasone (PD) [25]. 
NDMM patients were included in all the arms except the PD one: in the VD and 
VTD arms the patients were enrolled irrespective of the transplant eligibility, while 
all patients in the VMP arm were transplant ineligible. In all the four arms, daratu-
mumab was well tolerated and safe (Table 1b).

4.1  Daratumumab in untreated newly diagnosed multiple myeloma: transplant 
ineligible patients

ALCYONE and MAIA are the two main trials which evaluated the efficacy 
of adding daratumumab in the standard treatment of untreated patients with 
multiple myeloma ineligible to transplant. ALCYONE enrolled 706 naive patients 
randomized to receive VMP alone or with daratumumab [26]. Each cycle had a 
duration of 42 days. In the control group, all the patients received up to nine cycles 
of subcutaneous bortezomib, administered at the dosage of 1.3 mg per square 
meter of body-surface area (twice weekly on weeks 1, 2, 4, and 5 of cycle 1 and 
once weekly on weeks 1, 2, 4, and 5 of cycles 2 through 9), oral melphalan (9 mg 
per square meter, once daily on days 1 through 4 of each cycle), and oral predni-
sone (60 mg per square meter, once daily on days 1 through 4 of each cycle). In 
the experimental group, intravenous daratumumab at the usual dose of 16 mg/kg 
was administered with oral or intravenous dexamethasone at a dose of 20 mg once 
weekly in cycle 1, every 3 weeks in cycles 2 through 9, and every 4 weeks thereafter 
until disease progression or toxicity. Dexamethasone at a dose of 20 mg was sub-
stituted for prednisone on day 1 of each cycle. At 12 months, the PFS was 86.7% in 
the daratumumab group vs 76.0% in the control group. At the clinical data cut-off, 
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donor. Allo-HCT is potentially effective by virtue of a graft-versus-myeloma (GvM) 
effect but currently, there is little available data regarding this treatment [22]. Given 
the action of daratumumab on the microenvironment, it could be used both to 
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by Nikolaenko et al., 34 patients treated with daratumumab after aploidentical HCT 
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pretreated patients. Based on this little data, we may speculate that the modification 
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for the transplant. To our knowledge, none is known about the use of anti-CD38 as 
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to this treatment, he achieved a partial response and is now on consolidation with 
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4. Daratumumab in untreated newly diagnosed multiple myeloma
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proceed from a phase 1b study evaluating tolerability and safety of this monoclonal 
antibody in combination with myeloma backbone regimens: bortezomib-dexa-
methasone (VD), bortezomib-thalidomide-dexamethasone (VTD), bortezomib-
melphalan-dexamethasone (VMP), pomalidomide-dexamethasone (PD) [25]. 
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4.1  Daratumumab in untreated newly diagnosed multiple myeloma: transplant 
ineligible patients

ALCYONE and MAIA are the two main trials which evaluated the efficacy 
of adding daratumumab in the standard treatment of untreated patients with 
multiple myeloma ineligible to transplant. ALCYONE enrolled 706 naive patients 
randomized to receive VMP alone or with daratumumab [26]. Each cycle had a 
duration of 42 days. In the control group, all the patients received up to nine cycles 
of subcutaneous bortezomib, administered at the dosage of 1.3 mg per square 
meter of body-surface area (twice weekly on weeks 1, 2, 4, and 5 of cycle 1 and 
once weekly on weeks 1, 2, 4, and 5 of cycles 2 through 9), oral melphalan (9 mg 
per square meter, once daily on days 1 through 4 of each cycle), and oral predni-
sone (60 mg per square meter, once daily on days 1 through 4 of each cycle). In 
the experimental group, intravenous daratumumab at the usual dose of 16 mg/kg 
was administered with oral or intravenous dexamethasone at a dose of 20 mg once 
weekly in cycle 1, every 3 weeks in cycles 2 through 9, and every 4 weeks thereafter 
until disease progression or toxicity. Dexamethasone at a dose of 20 mg was sub-
stituted for prednisone on day 1 of each cycle. At 12 months, the PFS was 86.7% in 
the daratumumab group vs 76.0% in the control group. At the clinical data cut-off, 
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an event of disease progression or death had occurred in 88 (25.1%) patients in the 
daratumumab group vs 143 (40.2%) patients in the control group, with a hazard-
ratio of 0.50 in favour of the first group. The superiority was even confirmed in the 
older patients, in those with a poor performance status and worse stage. It seemed 
to be also independent from impairment of renal and liver function which were 
quite frequent in the enrolled population. In spite of this general advantage given 
adding daratumumab, a prespecified subgroup analysis of progression-free survival 
showed that the D-VMP combination is not so effective in the overcome of the 
bad prognosis given by the high-risk cytogenetics (defined by t (4;14), t (14;16), 
del17p). The main adverse effect was represented by infections of the respiratory 
tract but they were not a cause of discontinuation of treatment. MAIA compared 
Rd. to daratumumab-Rd [27]. The trial enrolled 737 naïve patients: in cycles of 
28 days, all of them received oral lenalidomide 25 mg on days 1 through 21 and 
oral dexamethasone 40 mg per week, until disease progression or toxicity. In the 
experimental group, daratumumab was added at a dose of 16 mg/kg once weekly 
during cycles 1 and 2, every 2 weeks during cycles 3 through 6, and every 4 weeks 
thereafter. At the median follow-up of 28 months, PFS was not reached in the dara-
tumumab group and was 31.9 months in the control group. Disease progression or 
death occurred in 97 patients in the experimental group vs 143 in the control group, 
with a hazard-ratio of 0.56. Also in this trial, the benefit was maintained in older 
patients with worse performance status but not in the patients with high-risk cyto-
genetics. Pneumonia was recorded as the most frequent side effect in the experi-
mental group but it did not influence the general outcome. Based on the exciting 
results of ALCYONE and MAIA, several ongoing trials throughout the world aim to 
evaluate the benefit of adding both subcutaneous and intravenous daratumumab to 
the different combinations of drugs used for the induction of multiple myeloma in 
naïve unfit patients (NCT03993912, NCT03742297, NCT03652064, NCT03217812, 
NCT04052880, NCT04009109, NCT03695744, NCT02918331). Some of these 
are designed to study possibility of combining the monoclonal antibody with the 
newest generations of IMiDs and IPs: NCT4009109 is a phase II trial with two 
arms based on induction with lenalidomide, ixazomib, daratumumab and dexa-
methasone; maintenance in arm 1 is with the only lenalidomide, in the arm 2 it is 
with lenalidomide, ixazomib and daratumumab. Ixazomib is a last-generation IPs 
which recently received the approval to be used in combination with lenalidomide 
and steroid in RRMM. The interim analysis of this phase II trial showed an overall 
response rate (ORR) of 70%, with good molecular response [28].

4.2  Daratumumab in untreated newly diagnosed multiple myeloma: transplant 
eligible patients

The excellent results achieved in the population of unfit NDMM patients led to 
evaluate the efficacy of daratumumab also in the population of NDMM transplant 
eligible patients. CASSIOPEIA trial is the first largest study going in this direction: 
it enrolled 1085 patients across Europe, randomly assigned to the control arm with 
the use of VTD triplet or to the experimental arm adding daratumumab [29]. All 
patients received up to four 28-day, pre-transplant induction cycles and two 28-day, 
post-transplant consolidation cycles of subcutaneous bortezomib (administered 
according to the usual schedule), oral thalidomide (100 mg daily in all cycles), and 
oral or intravenous dexamethasone. Daratumumab was administered intravenously 
at a dose of 16 mg/kg of bodyweight once weekly in induction cycles 1 and 2 and 
once every 2 weeks during induction cycles 3 and 4 and consolidation. At 100 days 
post-transplant, the rate of sCR was higher in the daratumumab group than in the 
control group (29% vs 20%) and this superiority was maintained in older patients, 
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but not in patients with a higher stage disease and a higher risk cytogenetics. Also 
in this trial the main adverse events were represented by infections but none of 
them represented a cause of treatment discontinuation. Surprisingly, daratumumab 
went out to be associated with a reduction of the amount of collected stem cells 
CD34+ and the subsequent use of plerixafor, even if this aspect did not translate 
into a worse performance of the transplant. Recently, Voorhees et al. published the 
results of another study evaluating the use of daratumumab as first line in trans-
plant eligible patients, the GRIFFIN trial [30]. In this phase II randomized trial, 207 
enrolled patients received four 21-day induction cycles and two 21-day consolida-
tion cycles of oral lenalidomide (25 mg daily on days 1–14), subcutaneous bortezo-
mib (1.3 mg/m2 on days 1, 4, 8, and 11), and oral dexamethasone (VRD), followed 
by maintenance with lenalidomide until toxicity or progression disease. Patients 
in the experimental group received daratumumab (16 mg/kg) on days 1, 8, and 15 
of cycles 1 through 4 and day 1 of consolidation cycles and of maintenance cycles. 
After the end of post-transplant consolidation, the primary end-point of sCR was 
achieved in 42 patients in the experimental group vs 31 patients in the control group. 
Also the secondary end-points of overall response rate and rate of VGPR or better 
resulted higher in the daratumumab group. These good results deepened over time. 
The observed benefit was maintained also in the older population but not again 
in patients with a higher disease stage and with high-risk cytogenetics. As usually 
observed, also in this trial the experimental arm recorded a high rate of not statisti-
cally significant infections. Several ongoing trials aim to evaluate the use of daratu-
mumab as first-line in transplant eligible NDMM patients: among these, PERSEUS 
is a promising ongoing phase III trial evaluating efficacy of daratumumab plus VRD 
vs VRD in terms of PFS, utilizing subcutaneous daratumumab to minimize toxicity. 
There are also few ongoing trials evaluating induction with daratumumab irrespec-
tive of transplant eligibility and some of them are based on MRD-driven therapies 
(MASTER trial). The results of all these studies are awaited.

5. Daratumumab in other plasma cell neoplasms

Given the promising results in the treatment of multiple myeloma with dara-
tumumab, its use is being investigating also in the treatment of other plasma cell 
neoplasms, especially immunoglobulin light chain (AL) amyloidosis and smoulder-
ing myeloma (SMM).

5.1 Daratumumab in amyloidosis

AL amyloidosis is due to the production of misfolded immunoglobulin light chain 
by an aberrant plasma-cells clone. This pathologic protein deposits in a variety of 
organs, usually heart and kidney, causing serious dysfunction. In spite of good results 
showed by treatment of this disease with PIs and IMiDs [31, 32], there is still a signifi-
cant proportion of patients that do not respond to these agents. Based on a variety of 
reports showing safety and efficacy of daratumumab in patients with relapsed/refrac-
tory AL amyloidosis [33–36], some perspective trials have been recently conducted. 
NCT028441033 is a phase II study led at Boston Medical Center and aimed to evaluate 
safety and tolerability of daratumumab in a cohort of 25 participants with relapsed/
refractory AL amyloidosis. The preliminary results were encouraging, with only infu-
sion reactions being reported as main side effect [37]. The ORR is instead the primary 
outcome of a multi-center phase II study across France and Italy (NCT02816476): it 
enrolled 35 patients with AL amyloidosis not in VGPR or better after previous treat-
ment. The preliminary results showed an ORR of 59% with 44% of patients achieving 
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at least a VGPR [38]. These good results are confirmed by a report with the collabora-
tion of our group [39]: 59 patients out of 72 with relapsed/refractory AL amyloidosis 
achieved a hematologic response after eight infusions of daratumumab, single agent 
or combined with bortezomib and lenalidomide, and the quality of this response 
improved with the continuation of therapy. The demonstration of the efficacy of 
daratumumab in the treatment of AL amyloidosis provided the rationale for explor-
ing its use earlier in the disease course. Hossein Taghizadeh MA et al. presented the 
case of two patients with advanced cardiac involvement who achieved a normaliza-
tion of light chain levels within one cycle of therapy with the anti-CD38, without 
any serious adverse events in spite of the cardiac dysfunction [40]. A phase III trial 
comparing cyclophosphamide, bortezomib and dexamethasone with or without 
daratumumab in the first-line treatment of AL amyloidosis has recently completed 
the enrolment and the results are awaited (NCT03201965).

5.2 Daratumumab in SMM

Smouldering myeloma is defined by a medullar infiltration of clonal plasma-
cells ≥10% in the absence of symptoms. According to the Mayo Clinic criteria, 
M-protein >2 g/dl, medullar infiltration ≥20% and free-light chain ratio > 20 define 
risk categories. Patients with one, two and three of these criteria are considered to 
be at low, intermediate and high risk with 5-year progression of 23% in the low risk, 
47% in the intermediate risk and 82% in the high risk [41]. However, in spite of the 
important risk of transformation into symptomatic disease, current guidelines rec-
ommend “watch and wait” even in people with high and intermediate risk smoul-
dering myeloma. Since the earlier intervention may delay progression, different 
studies are evaluating the use of new drugs in this subset of patients. Daratumumab 
could be the perfect drug, given the efficacy and the tolerability showed in other 
subsets. Based on the good results of the CENTAURUS trial, a phase II study for 
patients with intermediate and high risk smouldering multiple myeloma, randomly 
assigned, in a 1:1:1 ratio, to receive one of three different schedules of daratumumab 
[42], a phase III trial has been designed (NCT03301220). In this study, patients with 
high-risk smouldering myeloma are randomized either to receive subcutaneous 
daratumumab or to be just monitored. Daratumumab is administered according to 
the usual schedule, until 39 cycles or up to 36 months or until confirmed disease 
progression or unacceptable toxicity. This study recently completed the enrolment 
and the results are still awaited but all the most recent findings suggest that the 
anti-CD38 could be used with safety and efficacy also in smouldering myeloma.

6. The dark side of daratumumab: adverse events

All pivotal studies leading to approval of daratumumab for the treatment of 
relapsed-refractory or newly diagnosed multiple myeloma showed a slight major 
susceptibility to infections in the studied populations. This risk seems to be due 
to the neutropenia and to the impairment of cellular immunity which is a direct 
consequence of targeting CD38 [43]. In the study by Nahi et al., nine patients out 
of 23 treated with daratumumab had viral and/or bacterial complications, mainly 
involving the respiratory tract. In these patients, assessment of circulating lym-
phocytes indicated a selective depletion of NK cells and viral reactivation after 
Daratumumab treatment. This finding is in line with data emerging from all the 
trials using anti-CD38-based regimens and suggest the necessity of screening for 
cytomegalovirus, Epstein–Barr virus and viral hepatitis before starting the treat-
ment, therefore an adequate antiviral and antibacterial prophylaxis in the treated 

77

The Modern Age of Monoclonal Antibodies: The Revolution of Daratumumab
DOI: http://dx.doi.org/10.5772/intechopen.95406

population. In the consensus document by ESCMID Study Group for Infections 
in Compromised Hosts (ESGICH), based on the pooled analysis of the two tri-
als GEN501 an SIRIUS, daratumumab is associated also with an increased risk of 
varicella-zoster virus (VZV) infections, especially in the presence of combination 
therapy with protease inhibitors and/or corticosteroids [44]. Anti-herpesvirus pro-
phylaxis with (val)acyclovir should be administered to VZV-seropositive patients 
at least 1 week before starting daratumumab therapy and for at least 12 weeks after 
its discontinuation. The consensus document also recommends seasonal-influenza 
vaccination. In the review of the drug conducted under the EMA’s accelerated 
assessment program for drugs that are of major interest for public health, also 
thrombocytopenia and anemia are reported as the most common side effects, 
besides neutropenia [45]. In this same report, half of all patients experienced infu-
sion-related reactions, mainly occurring at the first infusion. These reactions usu-
ally presented with nasal congestion, cough, throat irritation, chills, vomiting and 
nausea. Serious adverse reactions with bronchospasm, dyspnea, laryngeal edema, 
pulmonary edema and hypoxia have been also reported but in a few cases. Based on 
this phenomenon, EMA gave indication to premedicate every infusion with antihis-
tamines, antipyretics and corticosteroids. Furthermore, oral corticorsteroids should 
be taken by all patients on the first and second day after all infusions. Patients on 
therapy with Daratumumab may present with positive indirect and direct Coombs 
test, due to the CD38 expression also on the red blood cells. This interference could 
complicate the safe provision of blood products to people on treatment with this 
drug. Chapuy et al. demonstrated that this “laboratory side effect” might be solved 
by incubating red blood cells with dithiothreitol (DTT) or trypsin [46]. These 
reagents remove the CD38 on the surface of red blood cells, easing routine compat-
ibility testing. Evaluation of disease response in patients with multiple myeloma on 
treatment with daratumumab could also be complicated by this antibody. Given its 
proteic nature (IgG1), the drug can be confused with the endogenous monoclonal 
component during the interpretation of serum immunofixation electrophoresis 
(IFE). McCudden et al. proposed a daratumumab-specific immunofixation elec-
trophoresis reflex assay (DIRA) using a mouse anti-daratumumab antibody in 
order to discriminate between endogenous myeloma protein and daratumumab 
[47]. Both Castor and Pollux trials showed a slight increase of rates of secondary 
primary cancers in the experimental arms, within 6 months after the initiation of 
trials [16, 18]. Most of the cases were non-melanocytes related cutaneous tumours 
and occurred in patients already treated with IMiDs and alkylating agents. Further 
studies and longer follow-up are needed to clarify the potential carcinogenicity of 
Daratumumab. Another concern, regarding the use of daratumumab, is due to the 
expression of CD38 on the surface of CD34+ hematopoietic progenitor cells. This 
could theoretically translate into a delay in stem cells collection for eligible patients 
to ASCT on treatment with the monoclonal antibody. Xun Ma et al. conducted an 
assay in which specimens of mobilized peripheral blood CD34 + cells from myeloma 
patients were evaluated to determine percentage of CD38 expression and later 
incubated with daratumumab and complement-rich human serum. First, CD38 
is minimally expressed on CD34+ cells, compared to the control cell lines used. 
Furthermore, CDC did not occur, showing that, in vitro, daratumumab is not toxic 
to mobilized CD34 + progenitor cells from myeloma patients [48].

7. Conclusions

Daratumumab has showed proven efficacy and tolerability both in patients with 
RRMM and with NDMM, as confirmed in all the studies conducted during the last 



Multiple Myeloma

76

at least a VGPR [38]. These good results are confirmed by a report with the collabora-
tion of our group [39]: 59 patients out of 72 with relapsed/refractory AL amyloidosis 
achieved a hematologic response after eight infusions of daratumumab, single agent 
or combined with bortezomib and lenalidomide, and the quality of this response 
improved with the continuation of therapy. The demonstration of the efficacy of 
daratumumab in the treatment of AL amyloidosis provided the rationale for explor-
ing its use earlier in the disease course. Hossein Taghizadeh MA et al. presented the 
case of two patients with advanced cardiac involvement who achieved a normaliza-
tion of light chain levels within one cycle of therapy with the anti-CD38, without 
any serious adverse events in spite of the cardiac dysfunction [40]. A phase III trial 
comparing cyclophosphamide, bortezomib and dexamethasone with or without 
daratumumab in the first-line treatment of AL amyloidosis has recently completed 
the enrolment and the results are awaited (NCT03201965).

5.2 Daratumumab in SMM

Smouldering myeloma is defined by a medullar infiltration of clonal plasma-
cells ≥10% in the absence of symptoms. According to the Mayo Clinic criteria, 
M-protein >2 g/dl, medullar infiltration ≥20% and free-light chain ratio > 20 define 
risk categories. Patients with one, two and three of these criteria are considered to 
be at low, intermediate and high risk with 5-year progression of 23% in the low risk, 
47% in the intermediate risk and 82% in the high risk [41]. However, in spite of the 
important risk of transformation into symptomatic disease, current guidelines rec-
ommend “watch and wait” even in people with high and intermediate risk smoul-
dering myeloma. Since the earlier intervention may delay progression, different 
studies are evaluating the use of new drugs in this subset of patients. Daratumumab 
could be the perfect drug, given the efficacy and the tolerability showed in other 
subsets. Based on the good results of the CENTAURUS trial, a phase II study for 
patients with intermediate and high risk smouldering multiple myeloma, randomly 
assigned, in a 1:1:1 ratio, to receive one of three different schedules of daratumumab 
[42], a phase III trial has been designed (NCT03301220). In this study, patients with 
high-risk smouldering myeloma are randomized either to receive subcutaneous 
daratumumab or to be just monitored. Daratumumab is administered according to 
the usual schedule, until 39 cycles or up to 36 months or until confirmed disease 
progression or unacceptable toxicity. This study recently completed the enrolment 
and the results are still awaited but all the most recent findings suggest that the 
anti-CD38 could be used with safety and efficacy also in smouldering myeloma.

6. The dark side of daratumumab: adverse events

All pivotal studies leading to approval of daratumumab for the treatment of 
relapsed-refractory or newly diagnosed multiple myeloma showed a slight major 
susceptibility to infections in the studied populations. This risk seems to be due 
to the neutropenia and to the impairment of cellular immunity which is a direct 
consequence of targeting CD38 [43]. In the study by Nahi et al., nine patients out 
of 23 treated with daratumumab had viral and/or bacterial complications, mainly 
involving the respiratory tract. In these patients, assessment of circulating lym-
phocytes indicated a selective depletion of NK cells and viral reactivation after 
Daratumumab treatment. This finding is in line with data emerging from all the 
trials using anti-CD38-based regimens and suggest the necessity of screening for 
cytomegalovirus, Epstein–Barr virus and viral hepatitis before starting the treat-
ment, therefore an adequate antiviral and antibacterial prophylaxis in the treated 
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population. In the consensus document by ESCMID Study Group for Infections 
in Compromised Hosts (ESGICH), based on the pooled analysis of the two tri-
als GEN501 an SIRIUS, daratumumab is associated also with an increased risk of 
varicella-zoster virus (VZV) infections, especially in the presence of combination 
therapy with protease inhibitors and/or corticosteroids [44]. Anti-herpesvirus pro-
phylaxis with (val)acyclovir should be administered to VZV-seropositive patients 
at least 1 week before starting daratumumab therapy and for at least 12 weeks after 
its discontinuation. The consensus document also recommends seasonal-influenza 
vaccination. In the review of the drug conducted under the EMA’s accelerated 
assessment program for drugs that are of major interest for public health, also 
thrombocytopenia and anemia are reported as the most common side effects, 
besides neutropenia [45]. In this same report, half of all patients experienced infu-
sion-related reactions, mainly occurring at the first infusion. These reactions usu-
ally presented with nasal congestion, cough, throat irritation, chills, vomiting and 
nausea. Serious adverse reactions with bronchospasm, dyspnea, laryngeal edema, 
pulmonary edema and hypoxia have been also reported but in a few cases. Based on 
this phenomenon, EMA gave indication to premedicate every infusion with antihis-
tamines, antipyretics and corticosteroids. Furthermore, oral corticorsteroids should 
be taken by all patients on the first and second day after all infusions. Patients on 
therapy with Daratumumab may present with positive indirect and direct Coombs 
test, due to the CD38 expression also on the red blood cells. This interference could 
complicate the safe provision of blood products to people on treatment with this 
drug. Chapuy et al. demonstrated that this “laboratory side effect” might be solved 
by incubating red blood cells with dithiothreitol (DTT) or trypsin [46]. These 
reagents remove the CD38 on the surface of red blood cells, easing routine compat-
ibility testing. Evaluation of disease response in patients with multiple myeloma on 
treatment with daratumumab could also be complicated by this antibody. Given its 
proteic nature (IgG1), the drug can be confused with the endogenous monoclonal 
component during the interpretation of serum immunofixation electrophoresis 
(IFE). McCudden et al. proposed a daratumumab-specific immunofixation elec-
trophoresis reflex assay (DIRA) using a mouse anti-daratumumab antibody in 
order to discriminate between endogenous myeloma protein and daratumumab 
[47]. Both Castor and Pollux trials showed a slight increase of rates of secondary 
primary cancers in the experimental arms, within 6 months after the initiation of 
trials [16, 18]. Most of the cases were non-melanocytes related cutaneous tumours 
and occurred in patients already treated with IMiDs and alkylating agents. Further 
studies and longer follow-up are needed to clarify the potential carcinogenicity of 
Daratumumab. Another concern, regarding the use of daratumumab, is due to the 
expression of CD38 on the surface of CD34+ hematopoietic progenitor cells. This 
could theoretically translate into a delay in stem cells collection for eligible patients 
to ASCT on treatment with the monoclonal antibody. Xun Ma et al. conducted an 
assay in which specimens of mobilized peripheral blood CD34 + cells from myeloma 
patients were evaluated to determine percentage of CD38 expression and later 
incubated with daratumumab and complement-rich human serum. First, CD38 
is minimally expressed on CD34+ cells, compared to the control cell lines used. 
Furthermore, CDC did not occur, showing that, in vitro, daratumumab is not toxic 
to mobilized CD34 + progenitor cells from myeloma patients [48].

7. Conclusions

Daratumumab has showed proven efficacy and tolerability both in patients with 
RRMM and with NDMM, as confirmed in all the studies conducted during the last 
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years. A deep and durable response with easy-to-control side effects was obtained 
using this monoclonal antibody. The revolutionary power of this new drug could be 
also extended to patients with other plasma cell neoplasms, such as AL amyloidosis 
and SMM. Given the specific mechanisms of action of daratumumab targeting 
both clonal plasma-cells and bone-niche microenvironment, further studies are 
warranted to better understand the correct timing to introduce this monoclonal 
antibody in the context of a sequential therapy. On a side, the immune-mediated 
plasma-cell killing, induced by daratumumab in the early phase of treatment, acts 
as a debulking for the disease; on the other side, the restoration of the immune 
system may boost other metabolic effects of the monoclonal antibody, in a later 
phase of therapy, when the control of the disease is better [49]. Based on these 
hypothesis, the retreatment with daratumumab after a wash-out period may seem 
reasonable. Therefore, the anti-CD38 is a revolutionary weapon: understanding the 
best moment to use it in the battle against multiple myeloma is the great challenge 
of the future.
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Abstract

Extramedullary (EM) plasmacytoma disease is an aggressive presentation at 
diagnosis and relapse for multiple myeloma (MM) patients. EM plasmacytoma is 
divided into two groups: the first group comprises tumors that extend directly from 
osteolytic bone lesions, while the second results from plasmacytoma infiltration 
into soft tissues, with no relation to the bone. Despite new therapies and mono-
clonal antibodies, the survival for patients with EM plasmacytoma is poor. The 
involvement of pleural effusion is uncommon in multiple myeloma.

Keywords: daratumumab, pleural effusion, extramedullary plasmacytoma,  
multiple myeloma, CD 38, PET/TC

1. Introduction

Solitary plasmacytoma (SP) is an infrequent form of plasma cell neoplasm accord-
ing to literature data, accounting for between 5 and 10% of all plasma cell neoplasms.

It is characterized by the presence of neoplastic monoclonal plasma cells that 
do not have systemic distribution but gather in limited locations even if there is no 
systemic proliferative plasma cell disease.

We can divide it into two groups: solitary bone plasmacytoma (SBP) and extra 
medullary plasmacytoma (EMP).

When the localization is prevalent in the bones of the axial skeleton, skull type, 
vertebrae, etc., we speak of solitary plasmacytoma of the bone (SBP), while EMP, as 
a localization, is frequent in the nasal cavities and in the nasopharynx.

The mean age of patients with SBP or EMP, with a male–female ratio of SP 2:1, is 
55 years.

With advancing age, the incidence rate increases exponentially while maintain-
ing a lower incidence compared to multiple myeloma (MM).

In the black population, the impact of the SP is about 30% higher than that in the 
white population [1].
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A better definition of the tumor mass can be obtained with the fluorodeoxyglu-
cose-positron emission tomography (FDG-PET) or positron emission tomography-
computed tomography (PET-CT) [2] that allows direct visualization of the tumor 
burden; combining the morphological images of the CT scan with a particular 
molecular process (depending on the radiopharmaceutical injected such as a glucose 
analogue, which is the most widely used) allows to evaluate the response to treat-
ment and the prognosis of different cancers. 

The limit of the skeletal X-ray investigation of the whole body (WBXR) is 
represented by showing only osteolysis related to the presence of MM cells, while 
the FDG-PET allows to view the tumor load.

Obviously, this investigation is not without limitations; one of which is the false - 
negative or false-positive result, which is possible if inflammatory or infectious 
processes are in progress or if subcentimetric lesions cannot be detected by FDG-PET.

Aid is provided by the combined CT component, which provides higher resolu-
tion bone images than those obtained with normal radiography.

Through a direct anatomical correlation of FDG uptake foci.
The systematic review reported by Van Lammeren-Venema et al. [3] also com-

pared FDG-PET and FDG-PET/CT with WBXR and CT.
The detection rate of FDG-PET/CT, compared with WBXR, ranged from 1.27 

to 1.45; specificity was low (29–50%) and sensitivity ranged from 67 to 100% 
when using WBXR as a reference test. Regelink et al. mentioned that FDG-PET 
underestimates rib lesions, as they could be detected by low-dose CT integrated 
into PET.

A limitation, to date not resolved, is the detection of cranial lesions that FDG-
PET/CT does not detect due to the high absorption of FDG in the brain, while the 
identification of extramedullary disease was satisfactory with FDG-PET; this has 
been reported consistently in studies comparing FDG-PET/CT with WBXR.

In addition to FDG that is specific to glucose metabolism, other PET radiophar-
maceuticals have been developed to visualize various biological processes; among 
these, we can mention 18F fluoride being reevaluated for skeletal imaging and the 
11C-methionine amino acid analogue and 11C-choline, an analogue precursor of 
phosphatidylcholine, one of the main constituents of membrane lipids, which to 
date have only been evaluated in small series of patients with MM.

Multiple myeloma [4] is a clonal malignant plasma cell neoplasm that despite the 
development of new therapies that have improved the depth and duration of responses 
as well as survival, to date, remains incurable in most cases for many patients.

Understanding the biology of disease, technological advances, such as next-gen-
eration sequencing techniques, have shown that the disease is genetically extremely 
heterogeneous, and this has allowed us to stratify patients, based on risk, into 
different disease groups. This can significantly translate into the choice of therapy 
and clinical results.

Simultaneously with these new acquisitions, the therapeutic scenario has been 
completely revolutionized by the discovery of new therapeutic agents, including 
immunomodulatory drugs (IMiDs) such as lenalidomide and pomalidomide; 
proteasome inhibitors (PIs) including bortezomib, carfilzomib and ixazomib; 
monoclonal antibodies (MAbs) including daratumumab and elotuzumab; and 
histone deacetylase inhibitors such as panobinostat, which have helped improve the 
overall survival of patients with this disease.

The use of many new therapeutic agents, in addition to increasing therapeutic 
choices, has also changed our therapeutic reference models; in fact, over the years, 
the treatment of patients with this pathology has mainly been based on high-dose 
radiation, but today, in consideration of the new drugs available to us, studies are 
needed to evaluate their use and benefit also in this category of high-risk patients.
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2. Case introduction

A 58-year-old woman was diagnosed asymptomatic Multiple Myeloma Ig G K, 
stage II (International staging system - ISS).

She first presented in March 2018 because about 15 days before she was admitted 
to the nephrology department for acute renal failure, macrohematuria, hydrone-
phrosis, and renal colic.

For confirmation during hospitalization, the laboratory tests of the monoclonal 
component was sent to our clinic.

Physical examination was negative.
Blood chemistry tests revealed that protein electrophoresis showed a mono-

clonal spike (M spike) 1 g/dl: IgG tests 1000 mg/dl, IgM 34 mg/dl, IgA 44 mg/dl, 
serum kappa light chains 294 mg/dl, serum lambda light chains 24 mg/dl, urine 
kappa light chains 187 mg/L, urine lambda light chains <4.7 mg/dl, FLC ratio 58, 
beta 2 microglobulin: 4.3 mg/L, Hb 13 g/dl, normal creatinine and calcium, protein-
uria 0.8 g/24 h, and microalbuminuria 68 mg/L.

At the evaluation of the bone biopsy, plasma cell clonality was equal to 10–40%. 
At the phenotypic analysis and morphological examination, plasma cell infiltrate 
was equal to 24% (Table 1).

The karyotype analysis was 46 XX normal karyotype, and the FISH study 
showed TP53 in 35% of the nuclei analyzed.

Whole-body MRI showed no bone lesions, and the total body CT was negative.
Therefore, we asked the patient to visit the clinic for periodic checks.
After one year from diagnosis, in May 2019, she reported back pain for which 

blood tests and instrumental tests TB CT and MRI were performed.
The total body CT showed the following: “In a context of widespread reduc-

tion in calcium content, suspicious osteostructural alterations due to secondary 
disease localization of the skeletal segments included in the study volume are not 
appreciated. Apex cuneiform deformation of the anterior trunk of D12, widespread 
spondyloarthrosis manifestations. No focal tomodensitometric alterations of 
current pathological significance affecting the lung parenchyma bilaterally. Non-
ilo-mediastinal and laterocervical lymphadenomegaly. Non-pleural-pericardial 
effusion. No gross changes affecting the abdominal parenchymatous organs, 
distended bladder with regular walls, no adenomegaly at the level of the main 
abdominal-pelvic lymph node stations, no free abdominal fluid.”

Unlike the CT, the MRI of the abdomen showed the following: “collapse of D12 
and pathological tissue with a paravertebral site with abdominal tissue formation 
that concentrically englobes the aorta and pleural effusion.”

The MRI of dorsal and lumbar spine showed the following: “at the level of the 
interbody space D11–D12, presence of posterior median disc protrusion, at the level 
of the interbody space D12–L1, presence of protrusion of the annulus fibrosus with 
posterior median expression.”

The spinal cord presents regular morphology and no pathological signal.

Immunophenotypic study in flow cytometry
Method used direct immunofluorescence

Antigens studied: CD19, CD38, CD 138, CD 56, CD 45
Result

Clonal myeloma plasma cells: CD 138+ CD 38++ CD19-CD56+ bright CD 45 neg = 24%

Table 1. 
Phenotypic analysis of bone biopsy.



Multiple Myeloma

84

A better definition of the tumor mass can be obtained with the fluorodeoxyglu-
cose-positron emission tomography (FDG-PET) or positron emission tomography-
computed tomography (PET-CT) [2] that allows direct visualization of the tumor 
burden; combining the morphological images of the CT scan with a particular 
molecular process (depending on the radiopharmaceutical injected such as a glucose 
analogue, which is the most widely used) allows to evaluate the response to treat-
ment and the prognosis of different cancers. 

The limit of the skeletal X-ray investigation of the whole body (WBXR) is 
represented by showing only osteolysis related to the presence of MM cells, while 
the FDG-PET allows to view the tumor load.

Obviously, this investigation is not without limitations; one of which is the false - 
negative or false-positive result, which is possible if inflammatory or infectious 
processes are in progress or if subcentimetric lesions cannot be detected by FDG-PET.

Aid is provided by the combined CT component, which provides higher resolu-
tion bone images than those obtained with normal radiography.

Through a direct anatomical correlation of FDG uptake foci.
The systematic review reported by Van Lammeren-Venema et al. [3] also com-

pared FDG-PET and FDG-PET/CT with WBXR and CT.
The detection rate of FDG-PET/CT, compared with WBXR, ranged from 1.27 

to 1.45; specificity was low (29–50%) and sensitivity ranged from 67 to 100% 
when using WBXR as a reference test. Regelink et al. mentioned that FDG-PET 
underestimates rib lesions, as they could be detected by low-dose CT integrated 
into PET.

A limitation, to date not resolved, is the detection of cranial lesions that FDG-
PET/CT does not detect due to the high absorption of FDG in the brain, while the 
identification of extramedullary disease was satisfactory with FDG-PET; this has 
been reported consistently in studies comparing FDG-PET/CT with WBXR.

In addition to FDG that is specific to glucose metabolism, other PET radiophar-
maceuticals have been developed to visualize various biological processes; among 
these, we can mention 18F fluoride being reevaluated for skeletal imaging and the 
11C-methionine amino acid analogue and 11C-choline, an analogue precursor of 
phosphatidylcholine, one of the main constituents of membrane lipids, which to 
date have only been evaluated in small series of patients with MM.

Multiple myeloma [4] is a clonal malignant plasma cell neoplasm that despite the 
development of new therapies that have improved the depth and duration of responses 
as well as survival, to date, remains incurable in most cases for many patients.

Understanding the biology of disease, technological advances, such as next-gen-
eration sequencing techniques, have shown that the disease is genetically extremely 
heterogeneous, and this has allowed us to stratify patients, based on risk, into 
different disease groups. This can significantly translate into the choice of therapy 
and clinical results.

Simultaneously with these new acquisitions, the therapeutic scenario has been 
completely revolutionized by the discovery of new therapeutic agents, including 
immunomodulatory drugs (IMiDs) such as lenalidomide and pomalidomide; 
proteasome inhibitors (PIs) including bortezomib, carfilzomib and ixazomib; 
monoclonal antibodies (MAbs) including daratumumab and elotuzumab; and 
histone deacetylase inhibitors such as panobinostat, which have helped improve the 
overall survival of patients with this disease.

The use of many new therapeutic agents, in addition to increasing therapeutic 
choices, has also changed our therapeutic reference models; in fact, over the years, 
the treatment of patients with this pathology has mainly been based on high-dose 
radiation, but today, in consideration of the new drugs available to us, studies are 
needed to evaluate their use and benefit also in this category of high-risk patients.

85

Pleural Effusion Secondary to Multiple Myeloma: Is Daratumumab an Effective Treatment?…
DOI: http://dx.doi.org/10.5772/intechopen.95659

2. Case introduction

A 58-year-old woman was diagnosed asymptomatic Multiple Myeloma Ig G K, 
stage II (International staging system - ISS).

She first presented in March 2018 because about 15 days before she was admitted 
to the nephrology department for acute renal failure, macrohematuria, hydrone-
phrosis, and renal colic.

For confirmation during hospitalization, the laboratory tests of the monoclonal 
component was sent to our clinic.

Physical examination was negative.
Blood chemistry tests revealed that protein electrophoresis showed a mono-

clonal spike (M spike) 1 g/dl: IgG tests 1000 mg/dl, IgM 34 mg/dl, IgA 44 mg/dl, 
serum kappa light chains 294 mg/dl, serum lambda light chains 24 mg/dl, urine 
kappa light chains 187 mg/L, urine lambda light chains <4.7 mg/dl, FLC ratio 58, 
beta 2 microglobulin: 4.3 mg/L, Hb 13 g/dl, normal creatinine and calcium, protein-
uria 0.8 g/24 h, and microalbuminuria 68 mg/L.

At the evaluation of the bone biopsy, plasma cell clonality was equal to 10–40%. 
At the phenotypic analysis and morphological examination, plasma cell infiltrate 
was equal to 24% (Table 1).

The karyotype analysis was 46 XX normal karyotype, and the FISH study 
showed TP53 in 35% of the nuclei analyzed.

Whole-body MRI showed no bone lesions, and the total body CT was negative.
Therefore, we asked the patient to visit the clinic for periodic checks.
After one year from diagnosis, in May 2019, she reported back pain for which 

blood tests and instrumental tests TB CT and MRI were performed.
The total body CT showed the following: “In a context of widespread reduc-

tion in calcium content, suspicious osteostructural alterations due to secondary 
disease localization of the skeletal segments included in the study volume are not 
appreciated. Apex cuneiform deformation of the anterior trunk of D12, widespread 
spondyloarthrosis manifestations. No focal tomodensitometric alterations of 
current pathological significance affecting the lung parenchyma bilaterally. Non-
ilo-mediastinal and laterocervical lymphadenomegaly. Non-pleural-pericardial 
effusion. No gross changes affecting the abdominal parenchymatous organs, 
distended bladder with regular walls, no adenomegaly at the level of the main 
abdominal-pelvic lymph node stations, no free abdominal fluid.”

Unlike the CT, the MRI of the abdomen showed the following: “collapse of D12 
and pathological tissue with a paravertebral site with abdominal tissue formation 
that concentrically englobes the aorta and pleural effusion.”

The MRI of dorsal and lumbar spine showed the following: “at the level of the 
interbody space D11–D12, presence of posterior median disc protrusion, at the level 
of the interbody space D12–L1, presence of protrusion of the annulus fibrosus with 
posterior median expression.”

The spinal cord presents regular morphology and no pathological signal.

Immunophenotypic study in flow cytometry
Method used direct immunofluorescence

Antigens studied: CD19, CD38, CD 138, CD 56, CD 45
Result

Clonal myeloma plasma cells: CD 138+ CD 38++ CD19-CD56+ bright CD 45 neg = 24%

Table 1. 
Phenotypic analysis of bone biopsy.



Multiple Myeloma

86

At the level of the interbody space L3-L4 and L5-S1, there was the presence of 
disc protrusion.

The body of D12 appears crushed and deformed into a wedge; the vertebral 
body itself exhibits a hypointense signal in the images in T1 as from the presence 
of spongiosa edema in vertebral distress, probably of a recently established post 
traumatic type; also, at the dorsal level, it is possible to document the presence of a 
sleeve that seems to envelop the vertebral structures, in the front and in the antero-
lateral position bilaterally, and that extends from D12 to D5.

From the blood tests, the following data were gathered: lipase increase 995 U/L, 
monoclonal component: 2.6 gr/dl, creatinine 1 mg/dl, calcium 9.8 mg/dl, LDH 
172 U/l, HB 12.49 g/dl, protein in the urine: 1, 4 g/24/h, urine kappa light chains 
604 mg/L, beta 2 microglobulin 5.2 mg/dl, creatinine clearance 68 mm/h, serum K 
light chains 570 mg/dl, creatinine clearance 63 ml/min, microalbuminuria 98 mg/L, 
immunoglobulins IgG 1950 mg/dl, IgA immunoglobulins 20 mg/dL, IgM immuno-
globulins 22 mg/dL.

The radiotherapy evaluation did not indicate treatment and she was treated 
with VTD (bortezomib 1.3 mg/m2 days 1, 4, 8, 11, thalidomide 100 mg/day, and 
dexamethasone 40 mg days 1, 4, 8, 11) for six cycles, obtaining only temporary 
biochemical partial response but extramedullary progression with increased pleural 
effusion.

The total body PET/CT that was performed (3.12.19) highlighted the following: 
“presence of a very large area of   net and inhomogeneous pathological hyperac-
cumulation of radio glucose coinciding with dense tissue on the co-registration CT, 
which is extended, in front of the rachis, from the first dorsal metamers (D3/D4) to 
the upper limiting of the soma of L5, displacing and, at times, partially incorporat-
ing the posterior mediastinal structures (esophagus) along its course, and, more 
completely, the large thoraco-abdominal vessels up to the aorto-iliac “carrefour,” 
with SUV max up to 9.7.”

A circumscribed and apparently more isolated area of pathological hyperaccu-
mulation is observed at the height of the right lung apex, in the paravertebral, at the 
level of D2.

Isolated pathological hyperaccumulations of radioglucose are found in the 
anterior mediastinum, coinciding with pleuro-pericardial pseudonodulation, at the 
height of the posterior aspect of the xiphoid, in the right parasternal in the context 
of the chest wall, in the form of two circumscribed areas of which the most volu-
minous with standardized uptake value max up to 7.0 and the other smaller max 
up to 5.7.

On an ancillary basis, the coregistration CT images include extensive pleural 
effusion on the right and relatively more modest on the left (Table 2).

We also decided to perform the phenotypic analysis on peripheral blood that 
showed plasma cell equal to 1.6%* (Table 3).

She repeated bone marrow biopsy that showed plasma cell infiltration on 
morphological examination equal to 70%, while the phenotypic analysis on bone 
marrow blood showed plasma cell CD138+ CD38++ CD19- CD56+ bright CD45 low 
with clonal kappa restriction of intracytoplasmic = 13%* (Table 4).

Therefore, we decided to subject the patient to therapy with cyclophosphamide (1.5 
gr/die, day 1 and day 3) for debulking plus evacuative thoracentesis; unfortunately, we 
did not perform phenotypic study of the pleural fluid, and subsequently, we started 
therapy with daratumumab, lenalidomide, and dexamethasone (daratumumab was 
initiated at the standard dose of 16 mg/kg for week IV for 4 infusions plus lenalidomide 
25 mg daily for 21 of 28 days, and dexamethasone 40 mg on week (Dara Rd).

The treatment was well tolerated and no pulmonary or hematological adverse 
events occurred.
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Table 2. 
Image of PET.

Immunophenotypic study in flow cytometry
Method used direct immuno-fluorescence

Antigens studied: CD19, CD 20, CD 138, CD38, CD 56, CD 45, intracytoplasmatic chains kappa and lambda
Result

Mature lymphocytes = 8,6%
Clonal myeloma plasma cells: CD 138+ CD 38++CD19-CD56+ bright, CD 45 low with kappa clonal 
restriction = 1.6%

Table 3. 
Phenotypic analysis on peripheral blood.
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After one cycle of Dara Rd. therapy, for new reappearance of pleural effusion, 
the patient underwent thoracentesis, this time by performing the phenotypic 
analysis (Table 5).

While the plasma cells are absent for the reevaluation of the phenotypic study on 
peripheral blood, we continued the treatment until the fourth cycle.

After four cycles of therapy, we repeated PET/CT that was unfortunately 
compatible with persistence of disease.

The PET/CT showed persistence of a large area of   hyperaccumulation of the 
tracer in coincidence of pathological tissue from D3 to L5 that incorporates the 
posterior mediastinal structures in its course.

Persistence of pathological accumulation in the anterior mediastinum, in the 
pleuro-pericardial region in increase compared to the previous examination, extending 
from the xiphoid to the anterior costophrenic recess, area of   hyperaccumulation in the 
right parasternal and at the level of the mediastinal pleura close to the ascending aorta.

Despite the progression of disease, the CD38 negativity remained to the pheno-
typic reevaluation of the pleural fluid (Table 6).

3. Discussion

CD38 [5] is a transmembrane glycoprotein that is highly expressed on multiple 
myeloma cells and on normal lymphoid and myeloid cells albeit at low levels.

Immunophenotypic study in flow cytometry
Method used direct immunofluorescence

Antigens studied: CD19, CD 138, CD38, CD 56, chains kappa and lambda
Result

Mature lymphocytes = 20%
Clonal myeloma plasma cells: CD 138+ CD 38++CD19-CD56+ bright, CD 45 low with kappa clonal 
restriction = 13%

Table 4. 
Phenotypic analysis on bone marrow blood.

Immunophenotypic study in flow cytometry
Method used direct immunofluorescence

Antigens studied: CD3, CD3/4, CD 3/CD8, CD19, CD16–56, CD117, CD 138, CD38, CD45, intracytoplasmatic 
chains kappa and lambda

Result
Mature lymphocytes = 60%

Clonal myeloma plasma cells: CD 138+ CD 38-, CD56+, CD 45 + heterogeneous, cy kappa + = 10%

Table 5. 
Phenotypic analysis of pleural effusion.

Immunophenotypic study in flow cytometry
Method used direct immunofluorescence

Antigens studied: CD 19, CD 56, CD 138, CD38, CD45, cyVS38c.
RESULT

Mature lymphocytes = 40%
Clonal myeloma plasma cells: CD 138+ CD 38-*, CD56 + bright, cyvs38c+, CD 19- = 7.5%
*Therapy with Daratumumab

Table 6. 
Phenotypic analysis of pleural effusion.
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The mechanism of action is that of an ectoenzyme involved in the regulation of 
the intracytoplasmic concentration of calcium and of the catabolism of extracel-
lular nucleotides.

The anti-CD38 fully human IgG1-k monoclonal antibody, daratumumab, carries 
out its cytotoxic effect through a series of mechanisms following binding to CD38, 
including antibody-dependent cell-mediated cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC), antibody-dependent cell-mediated phagocytosis 
(ADCP), and direct induction of apoptosis, which are its main mechanisms of action.

Another effect of daratumumab recently described is its immunomodula-
tory action.

A phase I/II dose escalation study in 104 patients with relapsed or refractory 
multiple myeloma evaluated the safety of daratumumab.

The most common adverse events were grade 3 or 4 pneumonia and 
thrombocytopenia.

Two phase [5] III studies are evaluating patients with relapsed or refractory 
disease; one of these studies is comparing daratumumab plus bortezomib and 
dexamethasone versus bortezomib and dexamethasone and the other is compar-
ing daratumumab plus lenalidomide and dexamethasone versus lenalidomide and 
dexamethasone.

Pending the final results of these studies, however, we want to underline how the 
CASTOR study (Velcade/dex vs. Dara/Velcade/dex) was interrupted early because 
at an interim analysis the study reached its final point with a ratio of very impres-
sive risk of 0.39 in favor of the daratumumab arm. The POLLUX study (Rev/dex vs. 
Dara/Rev/dex) also showed similarly impressive results with a hazard ratio of 0.37 
in favor of the Dara arm. Two further phase III studies are ongoing in patients with 
previously untreated multiple myeloma; one is comparing daratumumab plus bort-
ezomib, melphalan, and prednisone with bortezomib, melphalan, and prednisone), 
and the other is evaluating daratumumab plus lenalidomide and dexamethasone 
with lenalidomide and dexamethasone.

We wanted to report this clinical case only to hypothesize a possible role of dara-
tumumab in the treatment of extramedullary recurrences and above all its possible 
overcoming of the pleural barrier.

The selection of resistant clones is known in the course of myeloma recurrence, 
but the negativity/masking of CD 38 in the pleural fluid could demonstrate the 
overcoming of the pleural barrier by daratumumab.

Obviously we have no previous data, but the phenotypic analysis of the marrow 
and peripheral blood is the same for the other antigens evaluated.

Most likely, we should have performed a PET/CT at the onset of staging for a 
better evaluation of any extramedullary localization and perhaps choose different 
or more aggressive therapeutic treatments.

Molecular biology studies certainly in the near future will help us better 
understand which forms are most at risk and perhaps will guide us better in 
therapeutic choices.

But to date, the treatment of extramedullary plasmacytoma remains a therapeu-
tic challenge even in the era of new drugs.

4. Conclusion

Despite significant progress in the treatment of multiple myeloma, the disease 
remains incurable in a vast majority of patients.

The approval of promising new agents will undoubtedly improve outcomes for 
myeloma patients.
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Chapter 7

3D Models of Surrogate 
Multiple Myeloma Bone Marrow 
Microenvironments: Insights on 
Disease Pathophysiology and 
Patient-Specific Response to Drugs
Marina Ferrarini, Magda Marcatti, Fabio Ciceri  
and Elisabetta Ferrero

Abstract

Multiple Myeloma (MM) develops almost exclusively within the Bone Marrow 
(BM), highlighting the critical role of the microenvironment in conditioning disease 
progression and resistance to drugs. Indeed, while the therapeutic armamentarium for 
MM has significantly improved over the past 20 years, the disease remains ultimately 
incurable. This failure may depend on the high phenotypic and genetic heterogeneity 
of MM, but also on the paucity and inadequacy of two-dimensional (2D) conventional 
preclinical models in reproducing MM within the BM. In the present paper, we pro-
vide a brief updated overview on MM BM microenvironment. We then discuss newly 
developed preclinical models mimicking MM/microenvironment interactions, includ-
ing three-dimensional (3D), gel-based, in vitro models and a novel ex vivo system of 
isolated tumor and stromal cells cultured in bioreactor. Potential applications of each 
model, relative to investigation of MM pathogenic mechanisms and prediction of the 
best drug/combination for each individual patient will be also evaluated.

Keywords: multiple myeloma, tumor microenvironment, 2D/3D culture models,  
3D culture in bioreactor, drug testing, personalized therapy

1. Introduction

Multiple Myeloma (MM) is a B-cell tumor characterized by clonal proliferation 
of malignant plasma cells (PC) inside the bone marrow (BM), production of a 
monoclonal paraprotein and associated clinical features, including hypercalcemia, 
renal failure, anemia and lytic bone lesions (CRAB features) [1, 2].

MM is the second most common hematological malignancy and is responsible for 
approximately 20% of deaths from hematological tumors. Despite significant advances 
in therapy over the past two decades, the disease remains incurable, and more than 90% 
of MM patients eventually become refractory to therapy and relapse [1, 2].

MM develops along an evolutionary process, leading a normal PC to the pre-
malignant state of monoclonal gammopathy of uncertain significance (MGUS), 
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an intermediate asymptomatic but more advanced pre-malignant state referred 
to as smoldering MM (SMM) and finally to symptomatic MM [3–6]. This process 
is driven by the accumulation of cytogenetic modifications in PC. Indeed, while 
MM is still considered a single disease entity, it should be viewed as a collection of 
several different cytogenetically distinct PC tumors [7]. Cytogenetic abnormalities 
encompass translocations involving the immunoglobulin heavy chain (IgH) gene 
locus on chromosome 14q32 and hyperdiploidy (particularly trisomies), as initiat-
ing events [8]. IgH translocations include t(4;14), t(6;14), t(11;14), t(14;16) and 
t(14;20) translocations, which place the oncogenes Multiple Myeloma SET domain 
(MMSET)/ fibroblast growth factor receptor 3 (FGFR3), cyclin D3 (CCND3), 
CCND1, MAF, and MAFB, respectively, under the control of the strong enhanc-
ers of the Ig loci. This in turn leads to over-expression of cyclin D protein family 
members, ultimately driving G1/S checkpoint dysregulation [9, 10]. Hyperdiploidy, 
which is associated with the gain of the odd numbered chromosomes, including 
chromosome 3, 5, 7, 9, 11, 15, 19 and 21, also affects this checkpoint, implicat-
ing cyclin D dysregulation as an early and unifying oncogenic event in MM [9]. 
Subsequent studies demonstrated that other cytogenetic changes termed secondary 
cytogenetic abnormalities, including gain(1q), del(1p), del(17p), del(13), RAS 
mutations and secondary translocations involving MYC, arise along the disease 
course of MM, exacerbating the cell cycle dysregulation and driving further 
proliferation and disease progression [10, 11]. Patients carrying del(17p), t(4;14), 
t(14;16), t(14;20), gain(1q), or p53 mutation, particularly when in combination 
(double-hit and triple-hit myeloma), are considered affected by high-risk MM [11], 
and represent an area of unmet clinical need [8].

In addition to genetic abnormalities, a characteristic feature of myeloma cells 
is the requirement for an intimate relationship with the BM microenvironment, 
where plasma cells are nurtured in specialized niches that maintain their long-
term survival. Indeed, BM components deeply influence many steps of tumor 
progression, such as MM proliferation and invasion, angiogenesis and drug 
resistance [12, 13].

The BM, where MM cells specifically home mainly through the CXCR4/CXCL12-
SDF1α axis [14], provides a highly specialized microenvironment, which optimally 
“soils” neoplastic PC, and, in turn, is shaped by the interactions with the tumor [15, 
16]. The BM microenvironment comprises two major compartments, i.e., the cel-
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cans and glycosaminoglycans, as well as the liquid milieu (cytokines, chemokines 
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including cytokines, growth factors and exosomes [12]. Exosomes are extracellular 
membranous vesicles known to facilitate the transfer of biologically active mol-
ecules, including proteins and nucleic acids (particularly microRNAs -miRNAs), 
from the original producing cell to the target cell [17]. Exosomes are released by 
almost all cell types and, depending on their cargo, can induce target cell activation, 
proliferation/differentiation or death, thus playing a key role in the regulation of 
physiological as well as pathologic processes, including malignant transformation 
[17]. In MM, exosomes have been recently shown to reprogram the BM microenvi-
ronment, creating a niche for tumor PC and favoring their expansion and the onset 
of pharmacological resistance [18–20].
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Another key feature of the BM microenvironment is hypoxia. In the BM, oxygen 
(O2) tensions fluctuate throughout two specialized niches, the hypoxic endosteal 
niche and the oxygenated vascular niche, mapping areas with controlled, physi-
ological O2 gradients, instrumental to hematopoietic stem cells homeostasis [21]. 
BM homing is a common feature of hematological malignancies, that in proximity 
of hypoxic niches escape drug-inflicted apoptosis and acquire a drug-resistant 
phenotype. This is particularly true for MM that develops almost exclusively in the 
BM, where myeloma cells accumulation and the abnormal vasculature contribute 
to aggravate hypoxia. BM samples from MM patients as well as circulating MM 
cells are reported to have a hypoxic phenotype [22] and a strong stabilized expres-
sion of the hypoxia master regulator hypoxia-inducible factor (HIF)-1α protein 
[23]. Notably, HIF-1α suppression in myeloma cells blocks tumor growth in vivo 
and interferes negatively with angiogenesis and bone destruction [24]. In addition 
to conventional cell contact-dependent and -independent signaling pathways, 
hypoxia promotes MM survival and drug resistance through alternative mecha-
nisms. Hypoxia is indeed a major regulator of exosomal content and angiogenesis 
in MM settings [25]. Moreover, hypoxia shifts the metabolic profile of MM cells 
toward elevated glycolysis and production of lactate, as a strategy to support 
energy requirement [26]. Notably, knockdown of lactate restores MM sensitivity to 
bortezomib, overall suggesting that targeting hypoxia and MM energy metabolism 
could alleviate drug resistance [26].

Overall, the cross-talk between MM cells and their BM microenvironment results 
in autocrine/paracrine loops of MM survival/proliferation and also promotes the 
“angiogenic switch”, osteoclastogenesis, and defective immune functions [12, 13]. In 
particular, adhesion of MM cells to ECM components and to BMSC triggers classical 
survival signaling pathways including, but not limited to, the PI3K/AKT signal-
ing pathway, anti-apoptotic signals and also the release of the pro-survival factor 
Interleukin (IL)-6 [27]. MM cells-BM interactions also play a key role in disease 
pathogenesis. In particular, new blood vessel formation is considered a hallmark of 
MM development and is supported by the histopathological evidence of increased 
microvessel density (MVD), surrogate parameter endowed with prognostic signifi-
cance, in the BM of MM patients [28]. Angiogenesis, the sprouting of capillaries 
from existing blood vessels, is also suggested by the plethora of soluble angiogenic 
factors in the BM and in the peripheral blood (PB) samples from myeloma patients 
(vascular endothelial growth factor, VEGF; basic fibroblast growth factor, bFGF; 
angiopoietins, Angs) [29, 30], whose contribution to the process has been exten-
sively reviewed [31]. Moreover, the finding of an elevated number of circulating 
endothelial precursor cells (EPC) in MM patients indicates that complementary 
modalities to build vessels, e.g., vasculogenesis, are engaged [31]. Finally, EC are by 
nature fine sensors of O2 variations, and the hypoxic microenvironment inside the 
BM significantly contributes to the induction of the “angiogenic switch” and the 
maintenance of the pro-angiogenic profile through the transcription of HIF-1α [32].

MM plasma cells and BM stroma also contribute to the pathophysiology of 
MM-associated bone disease through the activation of signaling pathways regulat-
ing osteoclastogenesis, particularly the RANK/RANK-Ligand (RANK-L) and the 
Wnt pathway, and the release of osteoclast-activating factors, such as IL-1, IL-6, 
tumor necrosis factor (TNF)-α, IL-8 and Macrophage Inflammatory Protein 
(MIP)-1α. These factors, together with recently identified dysregulated miRNAs, 
determine osteoblast suppression with excessive osteoclastic resorption [33]. 
Finally, MM cells display a unique ability to evade immune surveillance through 
several mechanisms, including impairment of cytotoxic activity, induction of 
dendritic cell dysfunction and recruitment of regulatory cells [34].
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2. 3D models of MM microenvironment for precision medicine

2.1  Therapeutic targeting of MM cells and their BM microenvironment: toward 
personalized therapy

Over the past 20 years, progressive understanding of the pathophysiology of 
MM has informed treatment paradigm and patients’ outcome [35]. In particular, the 
introduction into the clinical practice of novel agents, such as proteasome inhibitors 
(PI) and immunomodulatory drugs (IMiDs), has prolonged median survival of 
MM patients from 3 to about 6 years, reaching approximatively 8 years in the subset 
of patients eligible to autologous stem cell transplantation (ASCT) [11].

The proteasome inhibitor bortezomib targets MM cells harnessing their depen-
dency on the protein quality control pathway as a therapeutic target [36]. The 
ubiquitin-proteasome system represents a major mechanism for maintaining pro-
tein homeostasis, which is strictly required by normal antibody secreting PC, and 
particularly by MM PC [36]. Bortezomib causes an imbalance between proteasome 
degradative capacity and proteasome load, leading to the activation of the unfolded 
protein response, and ultimately to cell death via both intrinsic and extrinsic 
mechanisms of MM cell apoptosis [37]. Moreover, bortezomib affects viability of 
angiogenic EC [38], as well as bone turnover and osteoclast activity in the BM [39].

Given the key role of BM components in supporting MM cell proliferation, 
migration, survival and drug resistance, while also conferring immunosuppression, 
disrupting MM cells-BM interactions represents an alternative therapeutic strategy 
in MM. IMiDs, including thalidomide and its more potent derivatives lenalidomide 
and pomalidomide, have received Food and Drug Administration (FDA) approval 
for treatment of both newly diagnosed and relapsed/refractory MM [35]. IMiDs 
bind to cereblon (CRBN) and activate CRBN E3-ligase activity, causing the rapid 
ubiquitination and degradation of two specific B cell transcription factors, Ikaros 
(IKZF1) and Aiolos (IKZF3) [40, 41]. IMIDs thus exert direct cytotoxic effects on 
MM cells, including growth arrest, free radical-mediated DNA damage and cas-
pase-8-mediated apoptosis; moreover, they modulate cytokine and growth factor 
secretion, inhibit angiogenesis, and, most importantly, upregulate T, NK, and NKT 
cytotoxicity, while downregulating regulatory T cells [42].

Over the disease course, however, MM cells acquire resistance to bortezomib 
and IMiDs through genetic and non-genetic mechanisms [36, 43]. To overcome 
resistance, second-generation PI (carfilzomib, ixazomib) and higher affinity CRBN 
E3-ligase modulators, such as iberdomide, have been developed [35, 36]. Alternative 
therapeutic approaches include: targeting epigenetic modifications via the Histone 
deacetylases (HDAC) inhibitors (panobinostat, ricolinostat); targeting the tumor-
BM microenvironment interface via immune-based therapies, including mono-
clonal Antibodies (mAb) directed against MM surface antigens (elotuzumab and 
daratumumab, targeting SLAMF7 and CD38, respectively) and cellular therapies to 
boost MM- specific immunity, including adoptive T-cell therapy (ACT), engineered 
T-cell approaches and vaccines [35, 44]. Notably, progress in engineering technolo-
gies allowed for chimeric antigen receptor (CAR) T-cell approaches [45]. CAR are 
chimeric proteins that bring together the signaling moieties of the T cell receptor 
(TCR) complex and the variable domains of an Ab recognizing a tumor-associated 
antigen (in MM, most frequently the B cell maturation antigen –BCMA-, due to 
its selectivity for normal PC and MM cells) [35]. As a result, in the last decade, 
carfilzomib, pomalidomide, panobinostat, ixazomib, elotuzumab, daratumumab, 
isatuximab, and selinexor (a selective inhibitor of nuclear export of tumor suppres-
sor proteins and growth factors) have received FDA approval for the treatment of 
relapsed MM, and are expected to improve outcomes further [11].
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To date, therapy for an individual MM patient is selected based on clinical 
factors, such as age, performance status, comorbidities and eligibility for ASCT 
[46]. Given the high heterogeneity of the disease in terms of underlying molecular 
aberrations and clinical course, and also the growing armamentarium of currently 
available effective agents, this approach can be updated by the use of evidence-
based algorithms [46], but it also needs to be implemented by incorporating 
prognostic and predictive biomarkers for survival and response to treatment [8]. 
Indeed, thanks to the progressive evolution and clinical utilization of molecular 
technologies, such as fluorescence in situ hybridization (FISH) and next-generation 
sequencing (NGS), we can foresee that in the near future the choice of therapy may 
include selection of targeted treatments based on the presence of specific molecular 
lesions, thus achieving personalized cancer care for MM patients [8]. Such treat-
ments can be validated through randomized controlled clinical trials [8]; however, 
the development of reliable patient-specific pre-clinical models would also be 
valuable in the perspective of defining personalized, biologically based treatments 
for MM patients, while preventing ineffective therapy of resistant MM cells and 
unwanted toxicities [47].

2.2 In vitro models of cancer: moving from 2D to 3D

It is increasingly recognized that microenvironment plays a fundamental role 
in supporting tumor cell growth, survival and drug resistance; thus, experimental 
models of cancer should incorporate elements of the surrounding milieu to recre-
ate and unveil the mechanisms that, at the molecular level, regulate the complex 
interplay between tumor cells and their embedding niche(s).

Traditional two-dimensional (2D) in vitro cultures, i.e., static cultures of cells 
kept on flat, artificial surfaces, still represent the most popular models for in vitro 
studies. These culture systems have so far provided invaluable information on the 
basic molecular principles of cancer; it is becoming progressively clear, however, 
that they present severe limitations, since they fail to reproduce adequately mor-
phology, behavior, and functions of normal and pathologic cell types and tissues 
[48]. It is now generally agreed that the generation of reliable and physiologically 
relevant in vitro tissue analogues, tumors included, should rely upon reproducing 
(or preserving) the specific characteristics of the native microenvironment. These 
encompass tissue-specific multiple cellularity and architecture, biochemical and 
mechanical cues, cell–cell and cell-ECM interactions and particularly the three-
dimensionality (3D) [48, 49]. Indeed, since the pioneering work of Bissell and 
colleagues [50], several groups have extensively demonstrated that both normal and 
transformed cells maintained in traditional 2D culture significantly differ from cells 
kept in 3D culture in their biological behavior, gene expression profile and drug 
sensitivity [51–53].

Tissue engineering and regenerative medicine, originally aimed at developing 
biological substitutes of tissues or whole organs, have been subsequently extended 
to the generation of 3D platforms attempting to overcome the limitations of con-
ventional culture models [54]. These platforms are based on different approaches, 
also depending on the aims to be addressed [49]. In particular, several experimental 
approaches rely on the use of polymeric substrates with tunable composition and 
stiffness, as scaffolds or hydrogel-based models. Scaffolds are key elements for the 
generation of 3D platforms, since they provide the mechanical support and physical 
composition for seeded cells to attach, grow and maintain their specialized func-
tions. A suitable scaffold, such as a bone scaffold, must have favorable biocompat-
ibility or cyto-compatibility and also adequate pore size and interconnectivity, 
in order to guarantee the growth, differentiation and proper penetration and 
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distribution of different cell types [55]. Hydrogels are meant to mimic the ECM, 
and can be either natural or synthetic, the former commonly made with natural 
polymers (fibrinogen, hyaluronic acid, collagen, Matrigel and gelatin). Synthetic 
hydrogels are instead typically made with synthetic polymers (polyethylene glycol, 
polylactic acid, or poly-vinyl acetate) [49].

Scaffold-free models include spheroids and organoids. Spheroids are clusters 
of cells forced to assemble through hanging drop techniques or culture in bioreac-
tor, taking advantage of the ability of cultured tumor cells to self-aggregate [56]. 
Spheroids derived from tumor cells, commonly referred to as tumorspheres, are 
typically monocultures, and therefore lack the multicellular identity that exists 
in a tumor in vivo. Organoids are cell aggregates, whose formation is driven by 
self-organizing, renewing stem cells, which differentiate in vitro, thus reproducing 
essential aspects of the parental organ [57]. Both structures are being exploited for 
drug testing, given their suitability for high throughput screening technologies. 
In particular, organoids grown from patients’ tumor tissues (tumoroids) give rise 
to 3D structures with a multicellular identity that more faithfully recapitulate the 
complexity of the corresponding tumor they derive from, thus representing an 
advancement toward personalized medicine [58, 59]. The use of bioreactors and 
perfused microfluidic chambers adds to the complexity of the culture method, in 
that it allows a strict control of additional parameters, such as O2, temperature, pH 
or nutrients [54]. Finally, the emerging 3D bioprinting technology has attracted 
increasing attention, based on its potential of manufacturing tissue-engineered 
compounds with well-defined 3D geometry [60]. In particular, these techniques are 
used to build tumor constructs via precise injection of living cells (both tumor and 
stroma) in functional biomaterials (bioinks), thus enabling the spatial–temporal 
control of molecular physical and chemical gradients [60, 61].

2.3 3D models of multiple myeloma

Since hematological malignancies with BM homing are supported by specialized 
niches, the complex BM architecture, together with cellular and molecular compo-
sition and interactions, needs to be replicated in engineered platforms to reproduce 
blood cancer behavior [54]. Indeed, while 2D cultures of established MM cell lines 
have been extensively used in high-throughput drug screening, they fail to repro-
duce BM microenvironment as well as the heterogeneity of MM patients’ cells. The 
use of primary patient-derived MM cells in 2D monocultures or in co-cultures with 
stromal cells maintains the heterogeneity of the sample, but MM cell viability and 
functional interactions are often limited [47]. Finally, several animal models, which 
have been reviewed elsewhere [62–65], have been developed in order to support 
the growth of primary myeloma cells within a 3D microenvironment. While these 
models are more complex and therefore considered as more relevant, they are not 
representative of the human microenvironment. Within this context, 3D in vitro/ex-
vivo human-derived culture systems are emerging as important tools to generate 
new approaches to the understanding of the molecular mechanisms of MM progres-
sion, essential prerequisites for the development of more effective interventional, 
diagnostic and prognostic strategies. The former often involve combination of 
multiple agents with the rationale that combining drugs with different mechanisms 
and targets could maximize their therapeutic efficacy [11]; this also should be taken 
into account in the design of 3D models for MM.

Herein we describe relevant 3D models of MM BM microenvironments that 
were generated exploiting different technical approaches, i.e., gel and solid scaf-
folds –based 3D platforms, 3D models using microfluidics and 3D constructs 
cultured in bioreactor.
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2.3.1 3D platforms using gel scaffolds

In 2008, Kirshner and co-workers reported the first in vitro reconstruction of 
the human MM BM microenvironment through a 3D model termed “rEnd-rBM”. 
This was achieved by means of a proper overlay of matrix components, specifically 
collagen I/fibronectin to reconstruct endosteum-marrow junction (rEnd), and then 
a fibronectin/Matrigel mixture to create the recombinant BM (rBM) compartment, 
on which isolated cells from BM aspirates of MM patients were seeded [66]. Cells 
spontaneously redistributed throughout the gel-matrix 3D substrate, mimicking 
human BM architecture and BM-MM interactions, thus providing a powerful tool 
for understanding MM biology [66]. Strikingly, the reconstructed BM allowed 
the expansion of primary myeloma cells, including the putative cancer stem cell 
fraction embedded within the reconstructed endosteal niche. Moreover, the impact 
of anti-MM drugs, specifically bortezomib and melphalan, on distinct cellular 
compartments inside a 3D architecture could be assessed [66].

More recently, de la Puente et al. [67] developed a novel patient-derived 3D 
tissue-engineered BM culture model complexing BM supernatant of MM patients 
and autologous cells in a gel scaffold prepared from patient-derived plasma 
fibrinogen. The resulting construct contained all the growth factors, enzymes and 
cytokines naturally found in the MM microenvironment of an individual patient, 
better recapitulating the BM niche. The model reproduced the MM BM hypoxic 
gradients; moreover, it allowed ex vivo proliferation of primary MM cells for several 
weeks, and induced resistance in MM cells to various anti-myeloma drugs, such as 
carfilzomib and bortezomib [67].

An additional attempt to mimic the MM niche was performed by Jakubikova 
and colleagues [68], who developed a new 3D co-culture ex-vivo model of primary 
patient-derived MM cells and BMSC within a commercially available hydrogel 
(PuraMatrix). BMSC retained phenotypic and functional properties, together with 
lineage (osteoblastogenic) differentiation capacity. Notably, patient-derived MM 
cells showed increased proliferation and CXCR4 expression; moreover, BM-driven 
cell adhesion mediated drug resistance (CAM-DR) to both novel (IMiDs, bortezo-
mib, carfilzomib) and conventional agents (doxorubicin, dexamethasone, melpha-
lan) was observed in the 3D system and paralleled clinical resistance [68].

Finally, a further advancement was reported by Braham et al [69], who gener-
ated a novel in vitro 3D BM niche model by embedding mesenchymal stromal cells 
(MSC), EC and primary MM cells from patients inside a Matrigel matrix. The 
model harbored the characteristics of a representative tumor microenvironment, 
and was able to support long-term (up to 28 days) survival/proliferation of MM 
cells. The authors successfully exploited this tool to provide the first pre-clinical 
in vitro testing of immunotherapies on primary MM samples inside their tumor 
microenvironment. In fact, they showed that a novel class of engineered immune 
cells, i.e., TCRα/β lymphocytes engineered to express tumor-specific Vγ9 VΔ2 
TCRs (TEGs) [70], were able to infiltrate the 3D construct and efficiently kill MM 
cells [69].

2.3.2 3D platforms using silk scaffolds

Adopting a different strategy, based on the use of a strong, porous silk scaffold, 
MSC were induced to undergo osteogenic differentiation, recreating a mineralized 
3D bone matrix [71]. The model allowed to reproduce proper MM-bone interac-
tions in a standardized context and to study the MM-associated osteogenic process, 
demonstrating the negative impact of myeloma cells on normal bone homeostasis 
[71]. 3D silk scaffolds have also been employed by the same group to develop the 
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and was able to support long-term (up to 28 days) survival/proliferation of MM 
cells. The authors successfully exploited this tool to provide the first pre-clinical 
in vitro testing of immunotherapies on primary MM samples inside their tumor 
microenvironment. In fact, they showed that a novel class of engineered immune 
cells, i.e., TCRα/β lymphocytes engineered to express tumor-specific Vγ9 VΔ2 
TCRs (TEGs) [70], were able to infiltrate the 3D construct and efficiently kill MM 
cells [69].

2.3.2 3D platforms using silk scaffolds

Adopting a different strategy, based on the use of a strong, porous silk scaffold, 
MSC were induced to undergo osteogenic differentiation, recreating a mineralized 
3D bone matrix [71]. The model allowed to reproduce proper MM-bone interac-
tions in a standardized context and to study the MM-associated osteogenic process, 
demonstrating the negative impact of myeloma cells on normal bone homeostasis 
[71]. 3D silk scaffolds have also been employed by the same group to develop the 
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first 3D, tissue-engineered BM adipose tissue (MAT) model, useful for elucidating 
the reciprocal interactions between MAT and tumor cells [72].

2.3.3 3D models using microfluidics

Recent technical advances include the tumor lab-on-a-chip, in vitro microfluidic 
devices that provide efficient platforms to recapitulate specific tumor traits, such as 
angiogenesis, hypoxia and tumor–stroma interactions, thus representing promising 
tools for personalized medicine [73]. In particular, functional hematopoietic niches 
have been constructed by culturing and perfusing bone in a sophisticated micro-
fluidic -on-a-chip device [74]. These tools have been exploited to culture MM and 
BMSC lines, and to investigate MM chemoresistance to bortezomib, as well as the 
inducible activation of transcription factors [75]; their major limitations rely in the 
experimental procedure that does not incorporate the interplay between cancer cells 
the and surrounding stroma, critical to investigate MM progression [76].

2.3.4  3D culture of human MM tissue explants and of isolated MM cells in 
scaffolds in the microgravity-based RCCS™ bioreactor

The metabolic requirements of complex 3D cell constructs are substantially 
higher than those needed for the maintenance of traditional 2D cultures under 
static conditions. To meet this demand, dynamic bioreactors were primarily devel-
oped to optimize mass transfer, that is, gas/nutrient supply and waste elimination, 
all essential factors for preserving cell viability within large 3D cell/tissue masses. 
Among a wide array of fluid-dynamic bioreactors, the best conditions for long-term 
culture of functional 3D tissue-like bio-constructs and explants of various origin, 
including bone, were obtained with the introduction of the microgravity-based 
Rotary Cell Culture System (RCCS™, Synthecon Inc., USA) bioreactor [77–79] (a 
vast literature is available at http://www.synthecon.com). On this basis, we suc-
cessfully employed the microgravity-based RCCS™ technology for the generation 
and long-term maintenance of viable human-derived MM tissue explants and 3D 
cell constructs. Our experimental procedure for culturing human tissue samples 
was firstly validated by using normal (skin and BM) and tumor biopsies [80]. 
Then, 3D culture of human MM tissue explants was found to maintain overall 
histo-architecture integrity and viability for up to two weeks. Moreover, the system 
was suitable for assessing the impact of drugs not only on MM cells, but also on 
angiogenic vessels, as evaluated through the assessment of MVD [80]. Finally, spe-
cialized functions of both MM cells and their microenvironment, including beta-2 
microglobulin and cytokine release and metalloproteases activities, could be also 
assessed [80]. Overall, these observations suggest that 3D culture of MM tissues in 
bioreactor is feasible and can be potentially exploited as a novel translational tool 
for patient-specific drug testing.

A major limitation to a systematic pre-clinical use of this approach, however, is 
represented by the restricted availability of human MM biopsies for tissue culture, 
besides those obtained for diagnostic purposes. To overcome this limitation, we 
have recently established a novel procedure based on the reconstruction of a 3D 
surrogate MM BM microenvironment [81]. This model relies on the co-seeding 
of MM cells and stroma inside a gelatin sponge, which is subsequently cultured in 
bioreactor. Figure 1 schematically represents the procedure developed to gener-
ate MM BM surrogate microenvironments, as well as the information that can be 
obtained through the analysis of both repopulated scaffolds and culture superna-
tants. Myeloma cell lines engaged contacts with stromal cells, EC and osteoblasts, 
as assessed by histochemical and electron-microscopic analyses. Consistently, 
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pro-survival signaling and also CAM-DR, particularly through the engagement of 
the integrin VLA-4 by its counter-receptor VCAM1 [82], were significantly higher 
in 3D than in 2D parallel co-cultures. Soluble factor-mediated drug resistance could 
be also appreciated in 3D co-cultures. The system was then successfully applied 
to co-cultures of primary myeloma cells-primary myeloma BMSC and EC, allow-
ing the functionalization of myeloma-stroma interactions and MM cell long-term 
survival. Finally, the impact of bortezomib on myeloma cells and on specialized 
functions of the microenvironment could be evaluated. Significantly, the model 
also showed the potential for assessing clonal evolution ex-vivo. In fact, MM cells 
obtained from a high-risk patient actively proliferated in bioreactor, paralleling the 
elevated proliferation index observed in the patient’s bone biopsy, and anticipated 
the expansion of a clone that ultimately dominated in vivo, thus predicting the 
clinical outcome [81].

Further studies validated the use of the model for additional purposes, includ-
ing investigation on novel pathogenic interactions and preclinical drug testing. In 
particular, modeling the interaction between the receptor tyrosine kinase ROR2 and 
its ligand WNT5A in bioreactor allowed identifying this pathway as crucial in the 

Figure 1. 
Information obtainable from 3D MM- BM stroma co-culture in bioreactor. (A) Schematic representation of 
the experimental procedure: Selected elements of the BM milieu (as in b2, along with lineage-specific markers) 
and plasma cells are sequentially seeded into the scaffold and kept in culture in bioreactor. (B) Scaffolds 
retrieved from the bioreactor at the end of the culture period can be: b1: Either fixed or frozen and submitted 
to imaging by confocal, scanning electromicroscopy (SEM) or immunohistochemistry (IHC) analyses; b3: 
Lysed and processed for Western blot analysis (right) for the expression of integrins and signaling pathways 
resulting from tumor-stroma interactions, schematically represented in (left); b4: Enzymatically dissociated 
to single cells for quantification, characterization and assessment of drug-induced apoptosis by FACS analysis; 
b5: Ectopically transplanted into mice. (C) Culture medium withdrawn from the bioreactor can be processed 
to: c1: Characterize floating MM cells, reminiscent of circulating MM cells; c2: Assess specialized functions, 
attributable to both stroma and MM cells; c3: Determine the content of glycolitic metabolites; c4: Quantify 
and characterize the content of exosomes. Abbreviations: VEGF = vascular endothelial growth factor; 
IL = interleukin; Ang = angiopoietin; MMP = matrix metalloproteases; HUVEC = human umbilical vein 
endothelial cells; MSC = mesenchymal stromal cells; pAkt = phospho-AKT; β1 = β1 integrin; PI = propidium 
iodide; PE = phycoerythrin; BTZ = bortezomib.
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iodide; PE = phycoerythrin; BTZ = bortezomib.



Multiple Myeloma

102

adhesion of MM cells to the BM microenvironment, and as a potential therapeutic 
target for the large subgroup of MM patients whose cancer cells show ROR2 overex-
pression [83]. Moreover, the use of surrogate MM microenvironments in bioreactor 
complemented studies performed both in vitro and in animal models to exploit the 
DNA damage response as a novel therapeutic strategy for MM. In particular, the 
combination of drugs causing ATR inhibition (the compound VX-970) and mel-
phalan, a widely used alkylating agent eliciting inter-strand cross-links, proved dra-
matically effective, thus paving the way to future clinical testing [84]. An additional 
advantage provided by culture in bioreactor of MM samples or surrogate MM BM 
on scaffolds is that the well-preserved material can be frozen to create a biobank 
suitable to serially test patient-specific sensitivity, as for organoids [59].

Our surrogate BM microenvironment could also be exploited for other hemato-
logical malignancies infiltrating the BM niches. In particular, Chronic Lymphocytic 
Leukemia (CLL) is characterized by a progressive expansion of clonal CD5+ B lym-
phocytes that dynamically traffic from PB to the more protective BM and secondary 
lymphoid organs, where they acquire an aggressive phenotype and drug resistance 
[13]. In this context, new targeted therapies, namely kinase inhibitors (KI), have 
been developed to promote mobilization of leukemic cells from the hosting tissues 
into the PB, where they may re-acquire sensitivity to drug-induced apoptosis [85]. 
Our 3D surrogate BM microenvironment was exploited to recreate the niche-
specific interplay involved in CLL cells homing/mobilization, showing that distinct 
molecular interactions, in particular through the HS1 cytoskeletal protein, were 
reproduced [86]. We could demonstrate that HS1 conversion from the active to the 
inactive form, promoted by the KI ibrutinib, was able to regulate CLL cells retention 
inside- and mobilization from- scaffolds. This indicates that the model may serve 
as a good platform to unveil the mechanisms underlying tumor cells dissemination 
and to predict the impact of mobilizing agents [86], conceivably also in MM.

The same in vitro 3D dynamic culture system in RCCS™ bioreactor was used by 
Bonomi et al. [87] to generate spheroids of myeloma cells co-cultured with BMSCs. 
By that mean, the authors demonstrated that BMSCs loaded with Paclitaxel (PTX) 
could serve as a ‘Trojan horse’ to vehicle and deliver in situ anti-tumor agents in 
amounts sufficient to affect tumor growth. The inhibitory activity of PTX-primed 
BMSCs was comparable to that of PTX alone, showing that the loaded-BMSC 
strategy could be exploited to deliver drugs into the BM.

3. Conclusions and perspectives

The BM, where MM cells home, survive and accumulate, represents a complex 
and highly specialized tumor microenvironment, making the development of 
engineered 3D platforms of MM a challenging task. Indeed, in addition to a series 
of distinct ECM and cellular components, the BM microenvironment comprises 
several factors, including specialized niches, hypoxic gradients, vascularization 
and a mineralized matrix, all to be taken into account to faithfully recapitulate 
the native tumor. Nevertheless, already available pre-clinical models of MM 
represent a remarkable example of translational cancer research [88], potentially 
covering issues ranging from high- throughput drug assessment/screening to 
investigation on MM pathophysiology and patient-tailored drug testing aimed 
at precision oncology. Table 1 summarizes the main features of the previously 
described 3D models of MM BM microenvironments, together with their suitabil-
ity, in our view, to different purposes. In particular, microfluidic systems could 
be exploited for drug screening/development with high-throughput potential, in 
that they can be miniaturized to cope with the limited biological starting material 
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than can be obtained from MM patients’ samples. Most of the 3D platforms can 
be used in principle to test a selected range of drugs in a more precise microenvi-
ronmental context, in the perspective of personalized therapy and prediction of 
resistance. Finally, complex 3D technologies, such as bioreactor-based dynamic 
culture systems, while less easy to handle, can be tuned to recreate proper MM 
milieu and interactions, thus being suitable to investigation on MM pathophysiol-
ogy and the mechanisms of drugs. Future efforts combining interdisciplinary 
basic and technical proficiencies, in particular related to tissue engineering, new 
biomaterials and advanced imaging techniques [48, 89], are expected to generate 
fully-humanized, simple, cost-effective, reliable and standardized models that 
can be more widely employed in the pre-clinical setting, particularly in high-risk 
and in relapsed/resistant MM patients.

3D model Reference Composition Drug tested Drug 
screening

Precision 
Oncology

MM 
biology

Gel scaffold Kirshner 
et al.,  
2008 [66]

ECM components 
+ MM BM 
aspirates

Melphalan,
Btz

— + +

Gel scaffold de la 
Puente  
et al.,  
2015 [67]

Fibrin gel + MM 
cells + BMSC/EC

Btz, Cfz — + +

Gel scaffold Jakubikova 
et al.,  
2016 [68]

PuraMatrix 
hydrogel +primary 
MM cells + BMSC

iMiDs, Btz, 
Cfz DOXO, 
DEX, 
Melphalan

— + +

Gel scaffold Braham  
et al.,  
2018 [69]

Matrigel+ BMSC 
+EC + MM cells

TEGs  
(αβ T cells 
expressing 
Vγ9 Vδ2 
TCRs)

— + +

Solid scaffold Reagan  
et al., 2014
[71]

Silk scaffold+ MM 
cells +BMSC/EC

Btz — + +

Solid scaffold Fairfield 
et al.,  
2019 [72]

Silk scaffold+ MM 
cell lines+ BMSC

none — — +

Microfluidics Young  
et al.,  
2012 [75]

Microchambers 
+MM cell lines 
+BMSC

Btz + + —

Bioreactor-
based

Belloni  
et al.,  
2018 [81]

Gelatin scaffolds 
populated by MM 
cell lines/primary 
MM cells + BMSC/
EC/OB cultured in 
bioreactor

Btz, 
Melphalan,
DEX

— + +

Bioreactor-
based

Bonomi  
et al.,  
2017 [87]

Spheroids of 
MM cell lines + 
BMSC cultured in 
bioreactor

Paclitaxel — + —

Abbreviations: ECM = extracellular matrix; MM = Multiple Myeloma; BM = Bone Marrow; BMSC = BM stromal 
cells; EC = endothelial cells; OB = osteoblasts; Btz = bortezomib; Cfz = carfilzomib; iMIDs = immunomodulatory 
drugs; DOXO = doxorubicin; DEX = dexamethasone.

Table 1. 
Summary of different experimental approaches to model the MM BM microenvironment: Potential 
applications.
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In addition to the purpose of precision oncology, 3D platforms can be applied 
to explore novel pathogenic cues. In particular, several matters that are object of 
intense investigation, including hypoxia and tumor metabolism, as well as the 
contribution of exosomes and miRNAs in the interactions between tumor and its 
co-evolving microenvironment, could be fruitfully and more precisely investigated 
applying advanced technological approaches, as already done in different settings 
(Figure 1 and [90, 91]). Further exploitation of the SCID/scaffold model, based 
on the transplantation of 3D bone-like polymeric scaffolds into immunocom-
promised mice, can also be envisaged to dissect biological events in primary MM 
cells engrafted inside a human BM microenvironment, as well as their response 
to drug in a in vivo context (Figure 1B). Additional future directions include the 
development and implementation of new technologies, such as microfluidic and 
bioprinting techniques, to further add to the complexity of in vitro surrogate MM 
BM microenvironments, particularly with regard to MM associated angiogenesis 
and components of the immune system.
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