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Abstract: The course of multiple myeloma (MM) is influenced by a variety of factors, including the
specificity of the tumour microenvironment (TME). The aim of this review is to provide insight into
the interplay of treatment modalities used in the current clinical practice and TME. Bortezomib-based
triplets are the standard for MM first-line treatment. Bortezomib is a proteasome inhibitor (PI) which
inhibits the nuclear factor kappa B (NF-κB) pathway. However, bortezomib is decreasing the expres-
sion of chemokine receptor CXCR4 as well, possibly leading to the escape of extramedullary disease.
Immunomodulatory drugs (IMiDs), lenalidomide, and pomalidomide downregulate regulatory
T cells (Tregs). Daratumumab, anti-cluster of differentiation 38 (anti-CD38) monoclonal antibody
(MoAb), downregulates Tregs CD38+. Bisphosphonates inhibit osteoclasts and angiogenesis. Sus-
tained suppression of bone resorption characterises the activity of MoAb denosumab. The plerixafor,
used in the process of stem cell mobilisation and harvesting, block the interaction of chemokine recep-
tors CXCR4-CXCL12, leading to disruption of MM cells’ interaction with the TME, and mobilisation
into the circulation. The introduction of several T-cell-based immunotherapeutic modalities, such as
chimeric-antigen-receptor-transduced T cells (CAR T cells) and bispecific antibodies, represents a
new perspective in MM treatment affecting TME immune evasion. The optimal treatment approach
to MM patients should be adjusted to all aspects of the individual profile including the TME niche.
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1. Introduction

The change in the multiple myeloma (MM) landscape, brought forth by novel regi-
mens, has been revolutionary, also improving diagnostics over the last two decades [1–3].
Characterised by estimated annual incidence in Europe of 4.5–6.0 new patients per 100.000
inhabitants, MM is the second most common haematological malignancy [4]. Still, despite
the possibility to achieve well-controlled chronicity, MM generally remains an uncurable
disease [5]. The course of the disease is significantly influenced by a variety of clinical,
laboratory, and genetic characteristics, including the specificity of the tumour microenvi-
ronment (TME) in the bone marrow (BM) milieu [6,7].

In the view of internationally recognised recommendations such as EHA-ESMO
clinical practice guidelines for MM diagnosis, treatment, and follow-up [5], the aim of this
review is to provide insight into the interplay of treatment modalities used in the current
clinical practice and TME.

2. Treatment Modalities in the Current Clinical Practice and TME Interplay
2.1. Proteasome Inhibitors (PIs)

Bortezomib is the first-in-class proteasome inhibitor, which, along with immunomod-
ulatory drugs (IMiDs), has greatly changed the course of this disease [1]. Currently, the
standard of care for the first-line treatment in MM are bortezomib-based triplets and
quadruplets [5]. As an inhibitor of the NF-κB pathway, bortezomib induces apoptosis of
MM cells and osteoclasts, inhibits pro mm cytokines, natural killer (NK) cell’s activity,
and causes the differentiation of mesenchymal stem cells (MSCs) from osteoblasts [8–10].
Additionally, transcription of hypoxia-inducible factor-1alfa (HIF-1alfa) is suppressed by
bortezomib, consequently leading to the inhibition of angiogenesis by decreasing the vascu-
lar endothelial growth factor (VEGF) [11]. Bortezomib overcomes cell adhesion-mediated
drug resistance (CAM-DR) by inhibiting very late angine-4 (VLA-4) and expresses syn-
ergistic effect with various drugs in co-culturing human myeloma cell lines with bone
marrow stromal cells [10,12]. Notably, one of the bortezomib effects is bone remodelling
based on enhanced osteogenesis induced by the inhibition of receptor activator of nuclear
factor kappa-B ligand (RANKL) and Dickkopf-1 (DKK-1), and activation of osteoblasts [13].
Bortezomib also decreases chemokine receptor CXCR4 expression, possibly leading to the
escape of extramedullary disease [14]. Paradoxically, PIs also may induce the accumulation
of pro-inflammatory macrophages, consequently leading to the MM cell survival and pro-
gression of the disease [15]. The resistance to bortezomib is expressed more often in MM
cells characterised with immature immunological profiles, lacking CD138 expression [16].

Carfilzomib is a selective, second-generation irreversible PI. The therapeutic activity
of carfilzomib is based on induction of unfolded protein stress response, inhibition of
NF-κB activity, induction of NK cells activity, and bone remodelling with impact to TME
as well [17]. Carfilzomib is characterised by structural differences in comparison to the
bortezomib, and the ability to overcome bortezomib resistance, promoting deeper and
more sustained proteasome inhibition [18].

First-in-class orally administered PI, ixazomib is characterised with the same struc-
tural class and activity as bortezomib, decreasing NF-κB signalling, followed by reduced
osteoclastogenesis and enhanced differentiation of osteoblasts from mesenchymal stem
cells (MSCs), and osteoblast’s activity [19].

2.2. Immunomodulatory Drugs (IMiDs)

Since the introduction of alkylating agents in the MM treatment, the first drug that
changed the course of the disease was thalidomide through multiple modes of action,
e.g., antiangiogenesis induced by suppressed VEGF gene, accompanied with various
immunomodulatory and anti-inflammatory effects [20,21]. Regarding interaction with
TME, IMiDs are characterised, besides the anti-angiogenic effect, with pro-apoptotic activity,
enhanced activity of T- and NK cells, as well as downregulation of TME’s cytokines, and
inhibition of bone resorption [9]. One of the mechanisms of action of lenalidomide is
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inhibition of VEGF-induced phosphoinositide 3-kinase (PI3K)/Akt mTOR pathway and
HIF-1alfa expression on endothelial cells [22].

Possible resistance for IMiDs in MM patients may be induced by decreased expression
in the IKAROS zinc finger 1 (IKZF1) family of proteins, due to interactions between MM
cells and bone marrow stromal cells (BMSCs) [23]. On the other hand, within combos of
bortezomib-plus-IMiDs, the activity of IMiDs is enhanced due to the effects of bortezomib,
as the release of CAM-DR and elevated expression of IKZF1 [7]. Due to the high expression
of IKZF1, IMiDs affect dormant MM cells in TME, with proven efficacy of lenalidomide for
immature MM cells, in comparison to the PIs affecting more mature MM cells [24]. One
of the effects of lenalidomide and pomalidomide is the downregulation of regulatory T
cells (Tregs). The function of regulatory T cells (Tregs) is suppressed by IMiDs, based on
downregulation of the Foxp3 gene’s expression [25]. Interestingly, a similar effect on Tregs
characterises treatment with low-dose cyclophosphamide. The addition of low-dose oral
cyclophosphamide potentially may overcome refractoriness to lenalidomide [26].

Due to suppression of programmed death (PD)-1 antigen on T and NK cells by
IMiDs in general, and PD-ligand-1 (PDL-1) in MM cells by lenalidomide, next-generation
IMiDs such as lenalidomide and pomalidomide represent good partners of monoclonal
antibodies (MoAbs) in MM treatment promoting antibody-dependent cellular cytotoxicity
(ADCC) [27,28].

In comparison to PIs, IMiDs promote immune reconstitution. However, bortezomib
and lenalidomide do not have the ability to suppress the activity of myeloid-derived
suppressor cells (MDSCs) [7,25].

2.3. Monoclonal Antibodies (MoAbs)

Following the concept of directed immunochemotherapy, targeting specific antigens
on the surface of malignant cells, extensive research in the MM field resulted in the
introduction of monoclonal antibodies (MoAbs) [29].

Anti-cluster of differentiation 38 (anti-CD38) MoAbs are characterised with different
therapeutic effects, e.g., ADCC, complement-dependent cytotoxicity (CDC), direct cyto-
toxicity, enhanced immune system, and different anti-TME effects such as inhibition of
CAM-DR and induced bone remodelling [7,30].

First MoAb approved as monotherapy in MM patients who were heavily pre-treated
with previous therapies containing PIs and IMiDs was daratumumab. Daratumumab
binds CD38 surface antigen to malignant plasma cells [31]. Treatment with daratumumab
induces downregulation of Tregs CD38+ cells and more pronounced immunosuppression
in comparison to the Tregs CD38- [32]. The expression of CD38 is suppressed in the
case of in vitro co-cultures with BMSCs, caused by the linkage of CD38 on MM cells
with CD31 on BMSCs [33]. The therapeutic effect of daratumumab can be potentiated
in combination with bortezomib due to inhibition of linkage CD38-CD31 by bortezomib,
consequently leading to increased expression of CD38 target on MM cells. In contrast,
due to the internalisation of CD38 in MM cells and consequent inhibition of adhesion to
BMSCs by daratumumab, CAM-DR is released [34]. However, the activity of CAM-DR
might be overcome by bortezomib inhibiting VLA-4.12 Interleukin 6 (IL6), as the main
cytokine of MM growth, suppresses CD38 expression during the course of disease in
relapsed/refractory MM patients, leading to the resistance to daratumumab [35].

The second MoAb in clinical practice is elotuzumab, which targets signalling lym-
phocytic activation molecule family member 7 (SLAMF7, CD319), a glycoprotein on the
surface of MM cells [31]. The activity of both of MoAbs—daratumumab and elotuzumab—
is independent of the stage of differentiation of MM cells. However, the condition of
neoplastic hypoxia suppresses maturation of MM cells and expression of SLAMF7 and
CD38, inducing the resistance to elotuzumab, daratumumab, or another anti-CD38 MoAb,
isatuximab [7,36]. The combination of IMiDs and anti-PD-1 monoclonal antibody did not
result in significant clinical benefit in MM patients, accompanied by reports of its notable
toxicity [37,38].
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Regarding the process of bone remodelling, the anti-RANKL MoAb denosumab acts
by preventing skeletal events. Sustained suppression of osteoclastic bone resorption, based
on inhibition of the interaction between receptor–activator of NF-κB ligand and its anchor
receptor (RANKL-RANK) characterises the activity of denosumab [39].

2.4. Bisphosphonates

Amino-bisphosphonates are applied in MM patients as supportive therapy of bone
disease due to inhibition of the osteoclasts and anti-angiogenic activities. Nitrogen-
containing bisphosphonates bind to and inhibit the activity of farnesyl pyrophosphate
synthase. The isoprenylation of proteins as Rab, Rac, and Rho, is inhibited, resulting in
isolated osteoclast apoptosis before endocytosis within osteoclasts during the process of
osteoclast-mediated bone mineral dissolution and matrix digestion [40]. Zoledronic acid,
as a nitrogen-containing bisphosphonate, and anti-RANKL MoAb denosumab expressed
comparable treatment results regarding skeletal events and progression-free survival of
MM patients [41].

2.5. Autologous Stem Cell Transplantation (ASCT)

One of the major achievements in the treatment of multiple myeloma was the concept
of high-dose therapy, followed by ASCT (HDT+ASCT), which is mainly caused by the
ability to induce a better quality of response [7]. In the era of new drugs, HDT+ASCT
retains its importance as the standard of care in fit MM patients usually <70 years [5,42].
Standard conditioning regimen is still Melphalan 200 mg/m2, non-specifically affecting
MM cells, while autograft induces both the recovery of the myeloablative effect of HDT
and improvement of microenvironment consisting of induced autograft’s MSCs differ-
entiation to BMSCs, as well as different components of endosteal niche, e.g., osteoblasts,
chondrocytes, or myocytes [43].

There is reported negative prognostic impact of the BM infiltration with M2 macro-
phages, secreting pro-tumoural immunosuppressive agents such as interleukin 10 (IL10),
transforming growth factor β1 (TGF-β1), and Arginase-1, and pro-angiogenic factors such
as VEGF and fibroblast growth factor 2 (FGF-2) on the treatment outcome and prognosis of
patients treated with chemotherapy and ASCT [44].

Despite the introduction of highly effective new treatment modalities, HDT+ASCT
remains the mainstay of first-line treatment in patients clinically eligible for such an
approach, due to the ability to deepen the response and TME improvement, [45,46]. The
benefit of ASCT has been re-evaluated by IFM 2009/DFCI phase 3 trial and EMN02 trial,
confirming the superiority of treatment results, such as depth of response and progression-
free survival, in the ASCT group, compared to the chemotherapy group, followed by
similar overall survival for both groups [47,48].

3. Treatment Implications in the Current Clinical Practice

Traditionally, myeloma has been considered an uncurable disease. However, current
advances in MM treatment based on the new modes of action of various treatment modali-
ties resulted in the achievement of survival in 10–15% of MM patients, which is comparable
to the average life expectancy of the general population [5,49].

A very complex individual MM patient’s prognostic profile, consisting of clinical
condition presented by comorbidity and frailty indices; different prognostic scores such
as International Staging System (ISS) and Revised ISS score (R-ISS) based on laboratory
and prognostically significant chromosomal abnormalities (CA); specific CA of prognostic
significance, e.g., abnormalities of chromosome 1, entities as double and triple hit myeloma;
as well as delicate TME interplay, indicates treatment based on multi-drug combinations
including PIs, IMiDs, MoAbs, with/without ASCT, in order to cover all the aspects of
patient’s profile with synergistic therapeutic effect [50–53].

In an attempt to keep the balance between current recommendations and contempo-
rary MM treatment, the question on the current clinical practice was raised. Concerning
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the modes of action and impact on TME, the activity of IMIDs and PIs is expressed on
different levels of differentiation of MM cells [7]. The efficacy of PIs refers, regardless of
CAs risk, predominantly on mature MM cells, inducing stress of endoplasmic reticulum,
recovering hypoxia, bone remodelling, and improving ADCC [16,54,55]. In comparison to
the PIs, IMiDs affect more immature MM cells, characterised with high expression of IKZF1
and absence of high-risk CAs, promote immune reconstitution by suppressing the activity
of Tregs and expression of PD-1 and its ligand PDL-1, resulting in potentiated ADCC in
combination with MoAbs [16,23–28]. The activity of anti CD38 and SLAMF-7 MoAbs is
expressed in accordance with the extent of expression of CD38 and CD319 (SLAMF-7) anti-
gens on MM cells, independently of the stage of differentiation [32–34]. However, during
the progression of the disease, increased IL-6 suppresses CD38 expression, consequently
leading to the possible lack of efficacy of anti-CD38 MoAbs, implicating preferable applica-
tion in the early phase of the disease [35]. Based on these various, still complementing and
synergistic pharmacological effects, different combinations of PIs with IMiDs and steroids,
represent the backbone of myeloma treatment with the addition of new drugs. The concept
of immunochemotherapy, with the application of antCD38 MoAbs, currently represents
the mainstream of the relapse- and first-line MM treatment [56].

In the front-line therapy settings, bortezomib-based combinations predominate [5,50].
Triplet bortezomib-based combinations, optimally including IMiDs of the first or second
generation, or quadruplets with anti-CD38 MoAb, daratumumab, became the new standard
of care in newly diagnosed ASCT eligible patients. Preferable first-line treatment for ASCT
ineligible patients would also be daratumumab-based combos [5].

In addition to the current recommendations of maintenance therapy with lenalidomide
following HDT+ASCT, there is the established concept of the long-term, continuous treat-
ment until the progression of the disease in transplant-ineligible patients has ceased [56,57].

At relapse, in the view of clonal evolution during the course of the disease, as well
as the evolving character of TME, with the goal of individual personalised treatment
approach, control re-staging may be considered, particularly in patients initially charac-
terised with standard risk features [58]. The treatment of choice in relapse, based on the
duration of remission, the type of previous treatment and its toxicity, and eligibility for sal-
vage HDT+ASCT, also incorporates control comorbidity and prognostic scores, including
evolving CAs and TME [59–61].

4. Perspectives—Immune Oncology Treatment Options

The importance of immunotherapeutic approaches in MM was rediscovered with the
introduction of IMiDs, followed by powerful modalities, such as targeted MoAbs, chimeric
antigen receptor T (CAR-T) cells, antibody–drug conjugates (ADC), or bispecific T-cell
engagers (BiTEs). Similar to the observed development of resistance on chemotherapy, there
are three major mechanisms of TME mediated immune evasion, resulting in the escape
of MM cells from immunotherapy: immune suppression, exhaustion, and resistance [62].
Immunosuppression of T- and NK cells is based on activities of Tregs, as well as regulatory
B cells (Bregs), MDSCs, macrophages, dysfunctional dendritic cells, MSCs, and osteoclasts.
The TME-mediated immune exhaustion is caused by pronounced expression of immune
checkpoints on T- and NK cells and their ligands on MM cells, such as PD1/PDL-1, or T
cell immunoglobulin and tyrosine-based inhibitory motif (TIGIT) domains. During the
course of the disease, immune resistance can be developed against cytotoxic mechanisms of
immune effector cells, soluble factors, or direct contact between MSCs and MM cells [63–65].

Adaptive cell therapy with CAR-Ts has been developed to induce autologous T-cell-
mediated MM cytotoxicity by direct binding to the antigen on MM cells, followed by acti-
vation of T cells, consequently overcoming immunosuppressive TME mechanisms [66,67].
Currently, the most promising results are obtained with CAR-Ts targeting B-cell maturation
antigen (BCMA) on MM cells [68].
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In addition, BCMA is also an optimal target for antibody–drug conjugates (ADC)
consisting of monoclonal antibodies and cytotoxic drugs, resulting in the internalisation of
cytotoxic components and death of MM cells [69,70].

BiTEs represent engineered molecules, targeting simultaneously a cell-surface molecule
on T cells (CD3) and antigen on MM cells, consequently inducing T cell response and
killing of MM cells. Similar to CAR-T cells and ADCs, BCMA currently represents the
most promising target. In comparison to the CAR-Ts, BiTEs are characterised by relatively
simple production, allowing immediate treatment [70–73].

The variety of these immunotherapeutic modalities characterises the ability to over-
come TME immunosuppression. Further clinical investigations of efficacy and safety are
needed in order to identify the most effective and best tolerated targeted immunother-
apy [74].

5. Conclusions

The bone marrow microenvironment is of high importance for the treatment out-
come and course of the disease in MM patients. The delicate TME interplay consisting
of molecular links between MM cells and bone marrow niche represents, at the same
time, possible therapeutic targets. Current treatment options such as PIs, IMiDs, MoAbs,
ASCT, or bisphosphonate’s support possess the ability to interact with TME and inducing
restoration of bone marrow homeostasis. Future perspectives indicate optimisation of
various types of immunotherapy (CAR-Ts, ADCs, BiTEs). The optimal treatment approach
should be adjusted to all aspects of an individual patient’s profile including molecular
genetics’ abnormalities and TME niche.

Funding: This research received no external funding.

Conflicts of Interest: J.B. declares honoraria from Janssen, Takeda, Amgen; E.K. declares honoraria
from Amgen, Abbvie, Janssen, Takeda, Genesis Pharma and Integris Pharma; research support from
Amgen, Janssen, Takeda, Genesis Pharma, Karyopharm, G.S.K. and Abbvie; M.G. declares honoraria
from Novartis, Abbvie, Genesis Pharma, Genzyme–Sanofi, bayer, Roche, Amgen, Gilead; research
support from Novartis, Genzyme-Sanofi; S.B.K. declares honoraria from Celgene, Janssen, Takeda,
Amgen; D.C. declares honoraria from Amgen, Takeda, Janssen, Novartis; S.Z. declares honoraria
from Celgene, Amgen, Takeda, Janssen; M.B. declares honoraria from Celgene, Amgen, Takeda,
Bristol Myers Squibb, Janssen; research support from Celgene, Amgen, Takeda, Bristol Myers Squibb,
Janssen; E.T. reported honoraria from Bristol Myers Squibb, Janssen, Celgene, Takeda, Genesis
Pharma, Amgen, Sanofi and Novartis; research funding from Janssen, Amgen, Takeda, Sanofi and
Genesis Pharma; M.A.D. reported consultancy and honoraria from Janssen, Celgene, Takeda, Amgen
and Bristol Myers Squibb; the authors M.D.; L.I.B.; A.I.; O.K. declare no conflict of interest.

References
1. San-Miguel, J.F.; Mateos, M.V. Can multiple myeloma become a curable disease? Hematologica 2011, 96, 1246–1248. [CrossRef]
2. Rajkumar, S.V.; Kumar, S.K. Multiple myeloma: Diagnosis and treatment. Mayo Clin. Proc. 2016, 91, 101–119. [CrossRef]
3. Kumar, S.K.; Rajkumar, V.; Kyle, R.A.; van Duin, M.; Sonneveld, P.; Mateos, M.; Gay, F.; Anderson, K.C. Multiple myeloma. Nat.

Rev. Dis. Primers 2017, 17046, 1–20. [CrossRef] [PubMed]
4. International Agency for Research on Cancer. GLOBOCAN 2020: Estimated Cancer Incidence, Mortality and Prevalence by

Cancer Site Worlwide in 2020. Available online: http://www.gco.iacr.fr/ (accessed on 30 August 2021).
5. Dimopoulos, M.A.; Moreau, P.; Terpos, E.; Mateos, M.V.; Zweegman, S.; Cook, G.; Delforge, M.; Hájek, R.; Schjesvold, F.; Cavo,

M.; et al. Multiple myeloma: EHA-ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2020,
32, 309–322. [CrossRef]

6. Podar, K.; Chauhan, D.; Anderson, K.C. Bone marrow microenvironment and the identification of new targets for myeloma
therapy. Leukemia 2008, 23, 10–24. [CrossRef]

7. Suzuki, K.; Nishiwaki, K.; Yano, S. Treatment Strategies Considering Micro-Environment and Clonal Evolution in Multiple
Myeloma. Cancers 2021, 13, 215. [CrossRef] [PubMed]

8. Adams, J. The proteasome: A suitable antineoplastic target. Nat. Rev. Cancer 2004, 4, 349–360. [CrossRef] [PubMed]
9. Goubran, H.; Stakiw, J.; Bosch, M. A closer look at the bone marrow microenvironment in multiple myeloma. Tumor Microenviron.

2018, 1, 1. [CrossRef]

http://doi.org/10.3324/haematol.2011.051169
http://doi.org/10.1016/j.mayocp.2015.11.007
http://doi.org/10.1038/nrdp.2017.46
http://www.ncbi.nlm.nih.gov/pubmed/28726797
http://www.gco.iacr.fr/
http://doi.org/10.1016/j.annonc.2020.11.014
http://doi.org/10.1038/leu.2008.259
http://doi.org/10.3390/cancers13020215
http://www.ncbi.nlm.nih.gov/pubmed/33435539
http://doi.org/10.1038/nrc1361
http://www.ncbi.nlm.nih.gov/pubmed/15122206
http://doi.org/10.4103/2395-7182.203049


J. Clin. Med. 2021, 10, 3940 7 of 9

10. Kikuchi, J.; Koyama, D.; Mukai, H.Y.; Furukawa, Y. Suitable drug combination with bortezomib for multiple myeloma under
stroma-free conditions and in contact with fibronectin or bone marrow stromal cells. Int. J. Hematol. 2014, 99, 726–736. [CrossRef]
[PubMed]

11. Roccaro, A.M.; Hideshima, T.; Raje, N.; Kumar, S.; Ishitsuka, K.; Yasui, H.; Shiraishi, N.; Ribatti, D.; Nico, B.; Vacca, A.; et al.
Bortezomib mediates antiangiogenesis in multiple myeloma via direct and indirect effects on endothelial cells. Cancer Res. 2006,
66, 184–191. [CrossRef] [PubMed]

12. Noborio-Hatano, K.; Kikuchi, J.; Takatoku, M.; Shimizu, R.; Wada, T.; Ueda, M.; Nobuyoshi, M.; Oh, I.; Sato, K.; Suzuki, T.;
et al. Bortezomib overcomes cell adhesion-mediated drug resistance through downregulation of VLA-4 expression in multiple
myeloma. Oncogene 2008, 28, 231–242. [CrossRef] [PubMed]

13. Qiang, Y.W.; Hu, B.; Chen, Y.; Zhong, Y.; Barlogie, B.; Shaughnessy, J.D., Jr. Bortezomib induces osteoblast differentiation via
Wnt-independent activation of beta-catenin/TCF signaling. Blood 2009, 113, 4319–4330. [CrossRef] [PubMed]

14. Stessman, H.A.F.; Mansoor, A.; Zhan, F.; Janz, S.; Linden, M.A.; Baughn, L.B.; Van Ness, B. Reduced CXCR4 expression is
associated with extramedullary disease in a mouse model of myeloma and predicts poor survival in multiple myeloma patients
treated with bortezomib. Leukemia 2013, 27, 2075–2077. [CrossRef]

15. Beyar-Katz, O.; Magidey, K.; Ben-Tsedek, N.; Alishekevitz, D.; Timaner, M.; Miller, V.; Lindzen, M.; Yarden, Y.; Avivi, I.; Shaked,
Y. Bortezomib-induced pro-inflammatory macrophages as a potential factor limiting anti-tumour efficacy. J. Pathol. 2016, 239,
262–273. [CrossRef]

16. Kawano, Y.; Kikukawa, Y.; Fujiwara, S.; Wada, N.; Okuno, Y.; Mitsuya, H.; Hata, H. Hypoxia reduces CD138 expression and
induces an immature and stem cell-like transcriptional program in myeloma cells. Int. J. Oncol. 2013, 43, 1809–1816. [CrossRef]

17. Kuhn, D.J.; Chen, Q.; Voorhees, P.M.; Strader, J.S.; Shenk, K.D.; Sun, C.M.; Demo, S.D.; Bennett, M.K.; van Leeuwen, F.; Chanan-
Khan, A.A.; et al. Potent activity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-proteasome pathway, against
preclinical models of multiple myeloma. Blood 2007, 110, 3281–3290. [CrossRef] [PubMed]

18. Landgren, O.; Sonneveld, P.; Jakubowiak, A.; Mohty, M.; Iskander, K.S.; Mezzi, K.; Siegel, D.S. Carfilzomib with immunomodula-
tory drugs for the treatment of newly diagnosed multiple myeloma. Leukemia 2019, 33, 2127–2143. [CrossRef]

19. Accardi, F.; Toscani, D.; Bolzoni, M.; Palma, A.B.D.; Aversa, F.; Giuliani, N. Mechanism of Action of Bortezomib and the New
Proteasome Inhibitors on Myeloma Cells and the Bone Microenvironment: Impact on Myeloma-Induced Alterations of Bone
Remodeling. BioMed Res. Int. 2015, 2015, 1–13. [CrossRef]

20. Bringhen, S.; De Wit, E.; Dimopoulos, M.A. New agents in multiple myeloma: An examination of safety profile. Clin. Lymphoma
Myeloma Leuk. 2017, 17, 391–407. [CrossRef]

21. Bila, J.; Sretenovic, A.; Jelicic, J.; Tosic, N.; Glumac, I.; Fekete, M.D.; Antic, D.; Balint, M.T.; Markovic, O.; Milojevic, Z.; et al.
Prognostic Significance of Cereblon Expression in Patients With Multiple Myeloma. Clin. Lymphoma Myeloma Leuk. 2016, 16,
610–615. [CrossRef]

22. Lu, L.; Payvandi, F.; Wu, L.; Zhang, L.-H.; Hariri, R.J.; Man, H.-W.; Chen, R.S.; Muller, G.W.; Hughes, C.C.; Stirling, D.I.; et al. The
anti-cancer drug lenalidomide inhibits angiogenesis and metastasis via multiple inhibitory effects on endothelial cell function in
normoxic and hypoxic conditions. Microvasc. Res. 2009, 77, 78–86. [CrossRef]

23. Zhu, Y.; Braggio, E.; Shi, C.; Kortuem, K.; Bruins, L.A.; Schmidt, J.E.; Chang, X.; Langlais, P.; Luo, M.; Jedlowski, P.; et al.
Identification of cereblon-binding proteins and relationship with response and survival after IMiDs in multiple myeloma. Blood
2014, 124, 536–545. [CrossRef] [PubMed]

24. Pourabdollah, M.; Bahmanyar, M.; Atenafu, E.G.; Reece, D.; Hou, J.; Chang, H. High IKZF1/3 protein expression is a favorable
prognostic factor for survival of relapsed/refractory multiple myeloma patients treated with lenalidomide. J. Hematol. Oncol.
2016, 9, 123. [CrossRef] [PubMed]

25. Kawano, Y.; Moschetta, M.; Manier, S.; Glavey, S.; Görgün, G.T.; Roccaro, A.; Anderson, K.C.; Ghobrial, I.M. Targeting the bone
marrow microenvironment in multiple myeloma. Immunol. Rev. 2015, 263, 160–172. [CrossRef] [PubMed]

26. Ghiringhelli, F.; Menard, C.; Puig, P.E.; Ladoire, S.; Roux, S.; Martin, F.; Solary, E.; Le Cesne, A.; Zitvogel, L.; Chauffert, B.
Metronomic cyclophosphamide regimen selectively deplates CD4+CD25+ regulatory T cells and restores T and NK effector
functions in end stage cancer patients. Cancer Immunol. Immunother. 2007, 56, 641–648. [CrossRef]

27. Giuliani, M.; Janji, B.; Berchem, G. Activation of NK cells and disruption of PD-L1/PD-1 axis: Two different ways for lenalidomide
to block myeloma progression. Oncotarget 2017, 8, 24031–24044. [CrossRef]

28. Benson, D.M., Jr.; Bakan, C.E.; Mishra, A.; Hofmeister, C.C.; Efebera, Y.; Becknell, B.; Baiocchi, R.A.; Zhang, J.; Yu, J.; Smith, M.K.;
et al. The PD-1/PD-L1 axis modulates the natural killer cell versus multiple myeloma effect: A therapeutic target for CT-011, a
novel monoclonal anti-PD-1 antibody. Blood 2010, 116, 2286–2294. [CrossRef] [PubMed]

29. Terpos, E.; International Myeloma Society. Multiple myeloma: Clinical updates from the American Society of Hematology annual
meeting 2016. Clin. Lymphoma Myeloma Leuk. 2017, 17, 329–339. [CrossRef] [PubMed]

30. Seckinger, A.; Hillengass, J.; Emde, M.; Beck, S.; Kimmich, C.; Dittrich, T.; Hundemer, M.; Jauch, A.; Hegenbart, U.; Raab, M.-S.;
et al. CD38 as Immunotherapeutic Target in Light Chain Amyloidosis and Multiple Myeloma—Association With Molecular
Entities, Risk, Survival, and Mechanisms of Upfront Resistance. Front. Immunol. 2018, 9, 1676. [CrossRef]

31. Zagouri, F.; Terpos, E.; Kastritis, E.; Dimopoulos, M. Emerging antibodies for the treatment of multiple myeloma. Expert Opin.
Emerg. Drugs 2016, 21, 225–237. [CrossRef]

http://doi.org/10.1007/s12185-014-1573-3
http://www.ncbi.nlm.nih.gov/pubmed/24706190
http://doi.org/10.1158/0008-5472.CAN-05-1195
http://www.ncbi.nlm.nih.gov/pubmed/16397231
http://doi.org/10.1038/onc.2008.385
http://www.ncbi.nlm.nih.gov/pubmed/18850009
http://doi.org/10.1182/blood-2008-08-174300
http://www.ncbi.nlm.nih.gov/pubmed/19196662
http://doi.org/10.1038/leu.2013.148
http://doi.org/10.1002/path.4723
http://doi.org/10.3892/ijo.2013.2134
http://doi.org/10.1182/blood-2007-01-065888
http://www.ncbi.nlm.nih.gov/pubmed/17591945
http://doi.org/10.1038/s41375-019-0517-6
http://doi.org/10.1155/2015/172458
http://doi.org/10.1016/j.clml.2017.05.003
http://doi.org/10.1016/j.clml.2016.08.007
http://doi.org/10.1016/j.mvr.2008.08.003
http://doi.org/10.1182/blood-2014-02-557819
http://www.ncbi.nlm.nih.gov/pubmed/24914135
http://doi.org/10.1186/s13045-016-0354-2
http://www.ncbi.nlm.nih.gov/pubmed/27881177
http://doi.org/10.1111/imr.12233
http://www.ncbi.nlm.nih.gov/pubmed/25510276
http://doi.org/10.1007/s00262-006-0225-8
http://doi.org/10.18632/oncotarget.15234
http://doi.org/10.1182/blood-2010-02-271874
http://www.ncbi.nlm.nih.gov/pubmed/20460501
http://doi.org/10.1016/j.clml.2017.02.010
http://www.ncbi.nlm.nih.gov/pubmed/28462890
http://doi.org/10.3389/fimmu.2018.01676
http://doi.org/10.1080/14728214.2016.1186644


J. Clin. Med. 2021, 10, 3940 8 of 9

32. Krejcik, J.; Casneuf, T.; Nijhof, I.S.; Verbist, B.; Bald, J.; Plesner, T.; Syed, K.; Liu, K.; Van De Donk, N.W.C.J.; Weiss, B.M.; et al.
Daratumumab depletes CD38+ immune regulatory cells, promotes T-cell expansion, and skews T-cell repertoire in multiple
myeloma. Blood 2016, 128, 384–394. [CrossRef] [PubMed]

33. Horenstein, A.L.; Quarona, V.; Toscani, D.; Costa, F.; Chillemi, A.; Pistoia, V.; Giuliani, N.; Malavasi, F. Adenosine Generated in
the Bone Marrow Niche Through a CD38-Mediated Pathway Correlates with Progression of Human Myeloma. Mol. Med. 2016,
22, 694–704. [CrossRef] [PubMed]

34. Ghose, J.; Viola, D.; Terrazas, C.; Caserta, E.; Troadec, E.; Khalife, J.; Gunes, E.G.; Sanchez, J.; McDonald, T.; Marcucci, G.; et al.
Daratumumab induces CD38 internalization and impairs myeloma cell adhesion. OncoImmunology 2018, 7, e1486948. [CrossRef]

35. Jasrotia, S.; Gupta, R.; Sharma, A.; Halder, A.; Kumar, L. Cytokine profile in multiple myeloma. Cytokine 2020, 136, 155271.
[CrossRef]

36. Chaidos, A.; Barnes, C.; Cowan, G.; May, P.; Melo, V.; Hatjiharissi, E.; Papaioannou, M.; Harrington, H.; Doolittle, H.; Terpos, E.;
et al. Clinical drug resistance linked to interconvertible phenotypic and functional states of tumor-propagating cells in multiple
myeloma. Blood 2013, 121, 318–328. [CrossRef]

37. Usmani, S.Z.; Schjesvold, F.; Oriol, A.; Karlin, L.; Cavo, M.; Rifkin, R.M.; Yimer, H.A.; LeBlanc, R.; Takezako, N.; McCroskey, R.D.;
et al. Pembrolizumab plus lenalidomide and dexamethasone for patients with treatment-naive multiple myeloma (KEYNOTE-
185): A randomised, open-label, phase 3 trial. Lancet Haematol. 2019, 6, e448–e458. [CrossRef]

38. Mateos, M.V.; Blacklock, H.; Schjesvold, F.; Oriol, A.; Simpson, D.; George, A.; Goldschmidt, H.; Larocca, A.; Chanan-Khan, A.;
Sherbenou, D.; et al. Pembrolizumab plus pomalidomide and dexamethasone for patients with relapsed or refractory multiple
myeloma (KEYNOTE-183): A randomised, open-label, phase 3 trial. Lancet Haematol. 2019, 6, e459–e469. [CrossRef]

39. Gavriatopoulou, M.; Dimopoulos, M.A.; Kastritis, E.; Terpos, E. Emerging treatment approaches for myeloma-related bone
disease. Expert Rev. Hematol. 2017, 10, 217–228. [CrossRef] [PubMed]

40. Terpos, E.; Ntanasis-Stathopoulos, I.; Dimopoulos, M.A. Myeloma bone disease: From biology findings to treatment approaches.
Blood 2019, 133, 1534–1539. [CrossRef]

41. Terpos, E.; Raje, N.; Croucher, P.; Garcia-Sanz, R.; Leleu, X.; Pasteiner, W.; Wang, Y.; Glennane, A.; Canon, J.; Pawlyn, C.
Denosumab compared with zoledronic acid on PFS in multiple myeloma: Exploratory results of an international phase 3 study.
Blood Adv. 2021, 5, 725–736. [CrossRef] [PubMed]

42. Cavo, M.; Rajkumar, S.V.; Palumbo, A.; Moreau, P.; Orlowski, R.; Bladé, J.; Sezer, O.; Ludwig, H.; Dimopoulos, M.; Attal, M.; et al.
International Myeloma Working Group consensus approach to the treatment of multiple myeloma patients who are candidates
for autologous stem cell transplantation. Blood 2011, 117, 6063–6073. [CrossRef] [PubMed]

43. Calandra, G.; Mccarty, J.; McGuirk, J.P.; Tricot, G.; Crocker, S.-A.; Badel, K.; Grove, B.; Dye, A.; Bridger, G.J. AMD3100 plus
G-CSF can successfully mobilize CD34+ cells from non-Hodgkin’s lymphoma, Hodgkin’s disease and multiple myeloma patients
previously failing mobilization with chemotherapy and/or cytokine treatment: Compassionate use data. Bone Marrow Transplant.
2007, 41, 331–338. [CrossRef]

44. Wang, H.; Hu, W.M.; Xia, Z.J.; Liang, Y.; Lu, Y.; Lin, S.X.; Tang, H. High numbers of CD163+ tumor-associated macrophages
correlate with poor prognosis in multiple myeloma patients receiving bortezomib-based regimens. J. Cancer 2019, 10, 3239–3245.
[CrossRef] [PubMed]

45. Attal, M.; Lauwers-Cances, V.; Hulin, C.; Leleu, X.; Caillot, D.; Escoffre, M.; Arnulf, B.; Macro, M.; Belhadj, K.; Garderet, L.;
et al. Lenalidomide, Bortezomib, and Dexamethasone with Transplantation for Myeloma. N. Engl. J. Med. 2017, 376, 1311–1320.
[CrossRef]

46. Cavo, M.; Gay, F.; Beksac, M.; Pantani, L.; Petrucci, M.T.; Dimopoulos, M.A.; Dozza, L.; van der Holt, B.; Zweegman, S.; Oliva,
S.; et al. Autologous haematopoietic stem-cell transplantation versus bortezomib-melphalan-prednisone, with or without
bortezomib-lenalidomide-dexamethasone consolidation therapy, and lenalidomide maintenance for newly diagnosed multiple
myeloma (EMN02/HO95): A multicentre, randomised, open-label, phase 3 study. Lancet Haematol. 2020, 7, e456–e468. [CrossRef]
[PubMed]

47. Joseph, N.S.; Kaufman, J.L.; Dhodapkar, M.V.; Hofmeister, C.C.; Almaula, D.K.; Heffner, L.T.; Gupta, V.A.; Boise, L.H.; Lonial, S.;
Nooka, A.K. Long-term follow-up results of lenalidomide, bortezomib, and dexamethasone induction therapy and risk-adapted
maintenance approach in newly diagnosed multiple myeloma. J. Clin. Oncol. 2020, 38, 1928–1937. [CrossRef] [PubMed]

48. Ntanasis-Stathopoulos, I.; Gavriatopoulou, M.; Kastritis, E.; Terpos, E.; Dimopoulos, M.A. Multiple myeloma: Role of autologous
transplantation. Cancer Treat. Rev. 2020, 82, 101929. [CrossRef] [PubMed]

49. Usmani, S.Z.; Hoering, A.; Cavo, M.; San Miguel, J.; Goldschimdt, H.; Hajek, R.; Turesson, I.; Lahuerta, J.J.; Attal, M.; Barlogie, B.;
et al. Clinical predictors of long-term survival in newly diagnosed transplant eligible multiple myeloma—An IMWG Research
Project. Blood Cancer J. 2018, 8, 123. [CrossRef] [PubMed]

50. Moreau, P.; Miguel, J.S.; Sonneveld, P.; Mateos, M.V.; Zamagni, E.; Avet-Loiseau, H.; Hajek, R.; Dimopoulos, M.; Ludwig, H.;
Einsele, H.; et al. Multiple myeloma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol.
2017, 28, iv52–iv61. [CrossRef]

51. Sonneveld, P.; Avet-Loiseau, H.; Lonial, S.; Usmani, S.; Siegel, D.; Anderson, K.C.; Chng, W.-J.; Moreau, P.; Attal, M.; Kyle, R.; et al.
Treatment of multiple myeloma with high-risk cytogenetics: A consensus of the International Myeloma Working Group. Blood
2016, 127, 2955–2962. [CrossRef]

http://doi.org/10.1182/blood-2015-12-687749
http://www.ncbi.nlm.nih.gov/pubmed/27222480
http://doi.org/10.2119/molmed.2016.00198
http://www.ncbi.nlm.nih.gov/pubmed/27761584
http://doi.org/10.1080/2162402X.2018.1486948
http://doi.org/10.1016/j.cyto.2020.155271
http://doi.org/10.1182/blood-2012-06-436220
http://doi.org/10.1016/S2352-3026(19)30109-7
http://doi.org/10.1016/S2352-3026(19)30110-3
http://doi.org/10.1080/17474086.2017.1283213
http://www.ncbi.nlm.nih.gov/pubmed/28092987
http://doi.org/10.1182/blood-2018-11-852459
http://doi.org/10.1182/bloodadvances.2020002378
http://www.ncbi.nlm.nih.gov/pubmed/33560384
http://doi.org/10.1182/blood-2011-02-297325
http://www.ncbi.nlm.nih.gov/pubmed/21447828
http://doi.org/10.1038/sj.bmt.1705908
http://doi.org/10.7150/jca.30102
http://www.ncbi.nlm.nih.gov/pubmed/31289595
http://doi.org/10.1056/NEJMoa1611750
http://doi.org/10.1016/s2352-3026(20)30099-5
http://www.ncbi.nlm.nih.gov/pubmed/32359506
http://doi.org/10.1200/JCO.19.02515
http://www.ncbi.nlm.nih.gov/pubmed/32298201
http://doi.org/10.1016/j.ctrv.2019.101929
http://www.ncbi.nlm.nih.gov/pubmed/31770695
http://doi.org/10.1038/s41408-018-0155-7
http://www.ncbi.nlm.nih.gov/pubmed/30470751
http://doi.org/10.1093/annonc/mdx096
http://doi.org/10.1182/blood-2016-01-631200


J. Clin. Med. 2021, 10, 3940 9 of 9

52. Goldschmidt, H.; Ashcroft, J.; Szabo, Z.; Garderet, L. Navigating the treatment landscape in multiple myeloma: Which combina-
tions to use and when? Ann. Hematol. 2019, 98, 1–18. [CrossRef]

53. Bila, J.; Jelicic, J.; Djurasinovic, V.; Vukovic, V.; Sretenovic, A.; Andjelic, B.; Antic, D.; Todorovic, M.; Mihaljevic, B. Prognostic
Effect of Comorbidity Indices in Elderly Patients with Multiple Myeloma. Clin. Lymphoma Myeloma Leuk. 2015, 15, 416–419.
[CrossRef]

54. Ling, S.C.; Lau, E.K.; Al-Shabeeb, A.; Nikolic, A.; Catalano, A.; Iland, H.; Horvath, N.; Ho, P.J.; Harrison, S.; Fleming, S.
Response of myeloma to the proteasome inhibitor bortezomib is correlated with the unfolded protein response regulator XBP-1.
Haematologica 2012, 97, 64–72. [CrossRef] [PubMed]

55. Shi, J.; Tricot, G.J.; Garg, T.K.; Malaviarachchi, P.A.; Szmania, S.M.; Kellum, R.E.; Storrie, B.; Mulder, A.; Shaughnessy, J.J.D.;
Barlogie, B.; et al. Bortezomib down-regulates the cell-surface expression of HLA class I and enhances natural killer cell–mediated
lysis of myeloma. Blood 2008, 111, 1309–1317. [CrossRef] [PubMed]

56. Van de Donk, N.; Pawlyn, C.; Yong, K.L. Multiple myeloma. Lancet 2021, 397, 410–427. [CrossRef]
57. Palumbo, A.; Hajek, R.; Delforge, M.; Kropff, M.; Petrucci, M.T.; Catalano, J.; Gisslinger, H.; Wiktor-Jędrzejczak, W.; Zodelava, M.;
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