Received: 6 December 2021

Revised: 27 April 2022

Accepted: 27 April 2022

DOI: 10.1002/mco02.146

REVIEW

MedCom

Open Access,

Pathogenesis and treatment of multiple myeloma

Peipei Yang” | Ying Qu* | Mengyao Wang | Bingyang Chu | Wen Chen |

Yuhuan Zheng |

Ting Niu*

| Zhiyong Qian*

Department of Hematology and Institute of Hematology, State Key Laboratory of Biotherapy and Cancer Center, West China Hospital, Sichuan

University, Chengdu, Sichuan, China

*Correspondence

Zhiyong Qian, Department of
Hematology and Institute of Hematology,
State Key Laboratory of Biotherapy and
Cancer Center, West China Hospital,
Sichuan University, Chengdu, Sichuan,
610041, China.

Email: anderson-qian@163.com

Ting Niu, Department of Hematology and
Institute of Hematology, State Key
Laboratory of Biotherapy and Cancer
Center, West China Hospital, Sichuan
University, Chengdu, Sichuan, 610041,
China.

Email: tingniu@sina.com

#Peipei Yang and Ying Qu contributed
equally to this work.

Funding information

National Natural Science Foundation of
China, Grant/Award Numbers: 31930067,
31700868; China Postdoctoral Science
Foundation, Grant/Award Numbers:
2018M633367, 2018T110977; The 1.3.5
Project for Disciplines of Excellence, West
China Hospital, Sichuan University,
Grant/Award Numbers: ZYGD18002,
7ZYJC21007; Achievement Transformation
Project, Grant/Award Number:
CGZH21001; Translational Research
Grant of NCRCH, Grant/Award Number:
2021WWBO03; Incubation Program for
Clinical Trials, Grant/Award Number:
19HXFHO030; Post-Doc Research Project,
West China Hospital, Sichuan University,
Grant/Award Number: 2020HXBH165

Abstract

Multiple myeloma (MM) is the second-ranking malignancy in hematological
tumors. The pathogenesis of MM is complex with high heterogeneity, and the
development of the disease is a multistep process. Chromosomal translocations,
aneuploidy, genetic mutations, and epigenetic aberrations are essential in dis-
ease initiation and progression. The correlation between MM cells and the bone
marrow microenvironment is associated with the survival, progression, migra-
tion, and drug resistance of MM cells. In recent decades, there has been a sig-
nificant change in the paradigm for the management of MM. With the devel-
opment of proteasome inhibitors, immunomodulatory drugs, monoclonal anti-
bodies, chimeric antigen receptor T-cell therapies, and novel agents, the survival
of MM patients has been significantly improved. In addition, nanotechnology
acts as both a nanocarrier and a treatment tool for MM. The properties and
responsive conditions of nanomedicine can be tailored to reach different goals.
Nanomedicine with a precise targeting property has offered great potential for
drug delivery and assisted in tumor immunotherapy. In this review, we summa-
rize the pathogenesis and current treatment options of MM, then overview recent
advances in nanomedicine-based systems, aiming to provide more insights into
the treatment of MM.
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1 | INTRODUCTION

As the second-ranking hematological malignancy, multi-
ple myeloma (MM) is a disease characterized by clonal
expansion of malignant plasma cells that accumulate in
the bone marrow (BM).! The latest cancer statistics indi-
cated that in 2021, there were 34,920 estimated new cases of
MM in the United States, with an estimated 12,410 deaths.>
The disease is prevalent in people over 65 years old, and
more than half of the patients are men. In 2019, there
were 155,688 MM patients worldwide, with an increased
global burden (Figure 1). Besides, MM had a higher age-
standardized incidence rate and age-standardized death
rate in more developed countries.?

The etiology of MM is not clear, while environmental
exposures and genetic events may be risk factors. In almost
all patients, MM evolves from an asymptomatic premalig-
nant stage termed monoclonal gammopathy of undeter-
mined significance (MGUS). The definition of MGUS is
less than 30 g/L of M protein, less than 10% of clonal BM
plasma cells, and the absence of symptoms related to MM.*
Another asymptomatic but more advanced stage refers to
smoldering MM (SMM). The median time to progression
from SMM to active MM is around 5 years.’ The risk of pro-
gression relates to the proportion of plasma cells in the BM
and the serum monoclonal protein level at diagnosis. The
genetic events increase the progression rate from MGUS to
SMM and then to MM.%’

The proliferation of monoclonal plasma cells in the BM
impedes the normal course of blood cells and leads to ane-
mia. In addition, malignant plasma cells secrete mono-
clonal immunoglobulin, the so-called paraprotein or M-
protein, and infiltrate other vital organs. Bone pain is one
of the symbolized manifestations of MM, including spine,
chest, and long bones, due to increased activity of osteo-
clasts and enhanced bone resorption.® The lytic lesions and
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FIGURE 2 Schematic illustration of treatment options and
nanomedicine-based strategies for multiple myeloma. ADC,
antibody-drug conjugate; CAR-T, chimeric antigen receptor T cell;
IMiD, immunomodulatory drug; MGUS, monoclonal gammopathy
of undetermined significance; PI, proteasome inhibitor; SMM,
smoldering multiple myeloma;

fractures of bones lead to high blood calcium levels. The
MM defining events, hypercalcemia, renal insufficiency,
anemia, and bone lesions, are commonly referred to as
the “CRAB” feature.” Besides, myeloma is always associ-
ated with hyperviscosity, amyloidosis, fatigue, and recur-
rent infections.'® And the presence of extramedullary foci
indicates a more aggressive situation.

Over the last decades, there has been increased attention
on disease evolution and pathogenesis. Significant changes
have also been made in the paradigm for the manage-
ment of MM. A good variety of agents can be offered to
MM patients at different phases. In this review, we sum-
marize the pathogenesis and current treatment options
of MM, then overview recent advances in nanomedicine-
based systems, aiming to provide more insights into the
treatment of MM (Figure 2).

2 | PATHOGENESIS OF MULTIPLE
MYELOMA

2.1 | Genetic alterations

The pathogenesis of MM is complex with high hetero-

geneity, and the development of the disease is a mul-
tistep process. Chromosomal translocations, aneuploidy,
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TABLE 1 Primary chromosomal translocations related to 14932
Cytogenetic Approximate
abnormality Affected genes frequency (%) Refs.
t(11;14) CCND1 14-21 11, 13,15
t(4;14) NSD2, FGFR3 10-15 11,13,15
t(14;16) MAF 3-5 11,19, 20
t(6;14) CCND3 1-4 11, 13,18
t(14;20) MAFB 1-2 11, 14, 21

genetic mutations, and epigenetic aberrations are essen-
tial in disease initiation and progression.!! The initiat-
ing events are thought to occur in the germinal cen-
ter during the procedure of class switching and somatic
hypermutation.”” Double-strand DNA breaks and fuses
with other breaks in the genome, leading to aberrant
fusions and chromosomal translocations. And transloca-
tions involving oncogenes can lead to pathological states
including MGUS, SMM, and MM. The identified translo-
cations involve the immunoglobulin heavy chain (IgH)
gene loci and a set of recurrent partner genes. A vast
majority of chromosomal translocations are related to the
IgH chain locus at chromosome 14, resulting in specific
oncogenes falling under the control of the IgH enhancer.
The t(11;14) translocation results in a high prevalence of
CCND1, which encodes cyclin D1 and is essential for cell
cycle progress.”* The t(4;14) leads to increased expres-
sion of NSD2 and FGFR3, and is identified in 10 to 15%
of MM patients.”* The overall survival (OS) of patients
with t(4;14) was significantly poor, with a reported median
OS of 41 months.”® Another study showed that among
a group of patients, the progression time from SMM to
symptomatic MM was 28 months in patients with the
t(4;14) compared with 55 months in patients with t(11;14).'°
Other representative translocations include t(14;16) involv-
ing MAF, t(14;20) involving MAFB, and t(6;14) involving
CCND3 (Table 1)."-2! Another possible driving event is
aneuploidy, including hypodiploidy, pseudodiploidy, and
the most frequent entity, hyperdiploidy. Chretien et al. con-
ducted a genomic analysis by single-nucleotide polymor-
phism array, and a cohort of 965 patients was enrolled. At
least one trisomy was found in 61% of patients, with chro-
mosome 9, 15, 19, 5, 3, 11, 7, 21, 18, or 17 trisomy. Most
of the trisomies were associated with a protective effect
on survival, except trisomy 17, 18, and 21. The patients
with trisomy 3 showed a significantly longer time interval
between diagnosis and progression than patients without a
trisomy of chromosome 3. And patients who had a trisomy
21 showed worse outcomes than patients lacking this tri-
somy. Besides, patients with hypodiploidy were related to
shorter time to progression and shorter 0S.*

The short arm deletion of chromosome 17 (del(17p))
is one of the major abnormalities that impair the sur-
vival of patients. The median OS was 22 months in a
group of transplant-eligible patients with del(17p)."” In
addition, patients with acquired del(17p) after treatment
showed shorter median progression-free survival (PFS)
and OS compared with the control group without acquir-
ing del(17p) at a comparable time point. The median PFS
and OS were 5.4 and 18.1 months, respectively, after the
detection of del(17p).”* Recently, scholars conducted a
study on a large group of patients with del(17p) present-
ing in more than 55% of their plasma cells. Next-generation
sequencing targeting on TP53 was performed after homo-
geneous treatment. The results indicated that a group of
patients showed the worst survival with the situation when
del(17p) was associated with TP53 mutation. Neverthe-
less, del(17p) alone was also a very high-risk feature asso-
ciated with a poor outcome compared with the control
cohort lacking del(17p).>* Other chromosomal abnormal-
ities observed in MM patients include loss of the short arm
of chromosome 1(del(1p)), deletion of the long arm of chro-
mosome 13 (del(13q)), and gain of the long arm of chromo-
some 1 (gain(1q)).”> The amplification of 1q21 exists in a
certain portion of MM patients, and this unfavorable
cytogenetic abnormality has been associated with poor
response to standard treatment.?

The frequency of somatic mutations varies among
patients. One study found that KRAS and NRAS mutated
exclusively in MM patients, 21.2 and 19.4% in 463 patients,
respectively.”’ Other frequently mutated genes include
BRAF, FAM46C, and DIS3. Besides, TRAF3, CYLD, RBI,
IRF4, EGRI1, and MAX are recurrently mutated genes.”®
Structural variants involving MYC oncogene are common
in MM patients. Deregulated MYC expression can promote
genome instability and is associated with chromosomal
rearrangements, leading to progression from newly diag-
nosed MM (NDMM) to a refractory state.?” In addition, epi-
genetic alterations also play an important role in myeloma.
The global DNA methylation levels vary among patients,
while levels of hypomethylation are increased in MM com-
pared to precursor stages.*
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2.2 |

Related signaling pathways

These genetic abnormalities affect several signaling path-
ways. The nuclear factor kappa B (NF-xB) pathway,
mitogen-activated protein kinase (MAPK) pathway, and
cell cycle pathway have been involved. The NF-xB path-
way is a pivotal signaling pathway for the development of
lymphocytes, and lymphoid malignancies are always asso-
ciated with the dysregulation of this pathway. Increased
NF-xB activity can be caused by gene mutations. Posi-
tive regulators, such as NF-xB-inducing kinase (NIK) and
upstream receptor CD40, were overexpressed in MM.*’
Other genetic abnormalities include mutations in NF-
xB2, and loss of function of negative regulators such as
TRAF2, TRAF3, and CYLD.!! Activation of the NF-xB
pathway is mostly via two ways. In the canonical path-
way, the activated IxB kinase (IKK) complex phosphory-
lates IxB proteins, resulting in the accumulation of het-
erodimers p50/p65 and c-Rel/p65 in the nucleus. Unlike
other B-cell malignancies, MM is mostly related to the
noncanonical NF-xB pathway. NIK is necessary for the
noncanonical pathway and is activated after initial stim-
ulation. IKK-a homodimers phosphorylate P100, which
results in removal of the C-terminal domain and accu-
mulation of the p52/Rel-B heterodimers in the nucleus.’!
The proteins of the NF-xB family are essential for nuclear
translocation and DNA binding, and aberration of the NF-
xB pathway contributes to the initiation and progression of
MM by regulating the expression of several genes associ-
ated with the growth, survival, and angiogenesis of MM.*?

The MAPK pathway is a fundamental mediator of many
biological processes involved in cell proliferation, growth,
adhesion, and apoptosis. Genetic alterations in MM are
associated with pathway activation. For instance, the t(4;
14) translocation leads to overexpression of FGFR3 and
then stimulates the signaling cascade. RAS mutations, gen-
erally represented by NRAS and KRAS, are associated
with the aberration of this pathway in MM.?’ These muta-
tions that activate MAPK signaling have been evidenced
in aggressive myeloma cases. In particular, RAS mutation
has been found in more advanced clinical scenarios with
a shorter time to progression.>* RAS activates downstream
targets and promotes the recruitment and phosphorylation
of RAF, which then phosphorylates MEK. And MEK phos-
phorylates ERK in turn.>* Activated ERK can phospho-
rylate numerous downstream targets in the nucleus and
cytoplasm. Moreover, RAS mutations may enhance protea-
some capacity and reduce cellular stress, thereby inhibit-
ing the efficacy of proteasome inhibitor (PI) and correlat-
ing with PI resistance.> A preclinical study proved that
with the inhibitory effect of sorafenib, which targets RAF
and VEGFR2, apoptosis was induced among a panel of MM
cell lines and in vivo models.>® Increased genome insta-

bility, both initiating and secondary genetic events, leads
to cell cycle dysregulation in MM. Representative abnor-
malities include the overexpression of CCND1, CCND2,
CCND3, and CKS1B, mutations of TP53 and RBI, leading
to cell proliferation and clonal growth.?” In addition, dys-
regulation of the apoptotic pathway occurs, with increased
expression of antiapoptotic proteins.

2.3 | Bone marrow microenvironment
The correlation between MM cells and the BM microenvi-
ronment is associated with the pathogenesis of MM, con-
tributing to the activation of signaling pathways and par-
ticipating in the survival, progression, migration, and drug
resistance of MM cells. Both cellular and noncellular com-
ponents of BM niches play a role in the generation of tumor
progression microenvironment. BM stromal cells (BMSCs)
play a vital role in MM cell growth. The CXCL12 expressed
on the surface of BMSCs binds to CXCR4 expressed on MM
cells, mediating the homing and retention of MM cells in
the BM. Furthermore, very late antigen-4 integrin (VLA-
4) on MM cells binds to its ligand, vascular cell adhesion
molecule 1, facilitating the trafficking of MM cells into
BM niches.*® Other molecules, including a437 integrin, P-
selectin glycoprotein ligand-1, and CD147, also contribute
to cell adhesion and migration.**#°

The interaction between MM cells and the BM microen-
vironment leads to considerable secretion of cytokines and
growth factors, including IL-6, insulin-like growth factor
(IGF-1), B-cell activating factor (BAFF), a proliferation-
inducing ligand (APRIL), tumor necrosis factor-a (TNF-
), and vascular endothelial growth factor (VEGF).*! These
soluble factors activate intracellular signals that regulate
the growth, proliferation, migration, and drug resistance of
malignant cells. The secretion of BAFF, APRIL, and TNF-
a stimulates the NF-xB signaling pathway.*” Besides, IGF-1
has been reported to activate the NF-xB pathway indirectly
and is needed for the survival of MM cells.** IL-6 is another
growth factor for MM cells and is involved in the NF-xB
pathway. Activation of the NF-xB signal can also promote
the production of several factors, including IL-6, BAFF,
and APRIL, thus, resulting in a positive feedback loop
that allows for constitutive activation of NF-xB and, conse-
quently, the augmented survival and proliferation of MM
cells.’ In addition to the NF-xB pathway, PI3K/Akt/mTOR
signaling pathway, JAK/STAT pathway, and MAPK path-
way have also been involved in this response. Downstream
sequelae include dysregulation of cytokines, cell-cycle reg-
ulatory proteins, and antiapoptotic proteins (Figure 3).4>4

Drug resistance is a crucial issue in tumor treatment.
The binding of MM cells to BMSCs causes cell adhesion-
mediated drug resistance. Endothelial cells, macrophages,
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FIGURE 3 Roles of cytokines and signaling pathways in the pathogenesis of multiple myeloma. Cytokines and growth factors have been

secreted in the bone marrow microenvironment such as IL-6, IGF-1, BAFF, APRIL, TNF-a, and VEGF. These soluble factors activate signaling
pathways, including the NF-kB pathway, PI3K/Akt/mTOR pathway, JAK/STAT pathway, and MAPK pathway, which regulate the survival,
proliferation, apoptosis, migration, adhesion, and drug resistance of myeloma cells

stromal cells, and other components in the BM microenvi-
ronment are involved in the formation of vascular niches
that promote the proliferation and survival of MM cells,
and protect them from antimyeloma agents.* In addition,
factors in the microenvironment, such as the VEGF family,
monocyte chemotactic protein-1 (MCP-1), TNF-a, and IL-
8, are important for enhanced angiogenesis in MM, which
is parallel with disease progression.* The BM microen-
vironment can mediate immune escape via the immune
suppression of regulatory T cells, regulatory B cells, and
myeloid-derived suppressor cells (MDSCs). MDSCs can
suppress immune responses, especially driven by the acti-
vation of the STAT3 pathway, and inhibit the prolifera-
tion of cytotoxic T lymphocytes and nature killer (NK)
cells.*® Besides, osteoclasts play a role in the immuno-
suppressive microenvironment. With the stimulation of
signaling pathways, the BM microenvironment acquires
antiapoptotic effects via the increase of antiapoptotic regu-
latory proteins.47 For instance, BCL-2, BCL-XL, and MCL-
1 have been significantly upregulated. Increased soluble
factors and surface molecules, such as IL-6, transform-
ing growth factor-3 (TGF-B), IL-10, APRIL, ICAM-1, and
CD40, also contribute to immune escape and resistance
against immune effector cells.

Exosomes establish cell-cell communication and act in
the interplay between the BM microenvironment and MM

cells. The content inside exosomes has been identified as
different between MM patients and healthy donors, which
can serve as tumor biomarkers and therapeutic targets.*®
BMSC-derived exosomes were loaded with higher levels
of oncogenic proteins, cytokines, and adhesion molecules,
including IL-6 and fibronectin, while expressed a lower
level of tumor-suppressive factors, promoting cell growth
and facilitating MM progression.*” MM-derived exosomes
were enriched with amphiregulin, which led to the activa-
tion of the epidermal growth factor pathway in preosteo-
clasts and osteoclastogenesis.50 Furthermore, exosomes in
the BM microenvironment have been shown to be related
to drug resistance, enhanced angiogenesis, and the gener-
ation of the immunosuppressive environment.’">?

2.4 | Myeloma-related bone disease

The osteolytic bone disease is one of the symbolized
manifestations of MM. The aberrant bone formation pro-
cess is caused by disturbance of the balance between
the bone-repairing osteoblasts and bone-resorbing osteo-
clasts (Figure 4).* Through the cell contact between MM
cells and BMSCs, high levels of osteoclastogenic stimuli
have been produced, mainly including receptor activator
of NF-xB ligand (RANKL). RANKL binds to the receptor
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FIGURE 4 Disturbance of the balance between the bone-repairing osteoblasts and bone-resorbing osteoclasts leads to myeloma-related

bone disease. The interaction between the bone marrow microenvironment and MM cells induces the release of cytokines and

pro-osteoclastogenic factors, increasing osteoclast activity and inhibiting osteoblastogenesis (Copyright 2018, Springer Nature™)

activator of NF-xB (RANK) on the surface of osteoclasts,
stimulating their differentiation and promoting their activ-
ity. Osteoprotegerin (OPG) performs as a decoy RANK
receptor to prevent the binding of RANKL and RANK,
inhibiting the process of osteoclastogenesis.® However, the
interaction between MM cells with BMSCs and osteoblasts
can decrease the level of OPG and increase the expression
of RANKL. The serum level of soluble RANKL/OPG ratio
is associated with bone resorption and osteolytic lesions.”*
Macrophage inflammatory protein-la (MIP-1«) is an osteo-
clast stimulator secreted by MM cells and is related to bone
destruction in MM. MIP-1« interacts with its receptor and
then induces the production of osteoclasts.” Besides, TNF-
a produced by MM cells is associated with the activation of
a number of signaling pathways, not only enhancing the
growth of MM cells, but also promoting the differentiation
of osteoclasts.>

In contrast to the increased activity of osteoclasts, dif-
ferentiation and activity of osteoblasts have been severely
impaired and then fail to repair bone destruction. The
Wnt/S-catenin cascade is a conserved signaling pathway
and plays a dominant role in regulating the proliferation,
survival, and differentiation of osteoblasts, responsible for
the balance between bone forming and bone resorbing.”’
The secretion of Wnt antagonists can disturb the balance
in the BM and lead to the development of osteolytic bone

lesions. A high level of dickkopf-1 (DKK-1), the canonical
Wnt inhibitor, has been found to be related to decreased
bone formation and the presence of bone lesions in ani-
mal models and patient samples.”® In addition, Wnt sig-
naling also plays a more indirect role in influencing the
RANK/RANKL/OPG signaling axis. Other factors, such as
sFRP-2, sclerostin, and activin-A, impede the production
of osteoblasts. Releasing of TGF-B, IL-17, IL-3, and IL-6
also collaborates to impair the balance of bone formation.>
It is conceivable that through these intensive studies, the
pathogenesis and molecular mechanisms have been deci-
phered, thus, providing more strategies for the treatment
of MM.

3 | CURRENT TREATMENTS FOR
MULTIPLE MYELOMA

With the presence of PIs, immunomodulatory drugs
(IMiDs), monoclonal antibodies (mAbs), and novel ther-
apies, the PFS and OS of MM have been significantly
improved in recent decades.* MM has a great variety of
genetic abnormalities, and there is a crosstalk between
intracellular signaling pathways, making it a complicated
network. The primary goals of MM treatment are to control
disease progression, suppress malignancy over the long
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term, mitigate disease-related complications, and increase
survival. Combination therapies are effective strategies
to achieve favorable outcomes. The treatment process
usually includes induction, consolidation, and mainte-
nance therapy. The eligibility for autologous stem cell
transplantation (ASCT) should be evaluated according
to age, comorbidities, and risk stratification of patients.
The triplet therapy regimen, RVd (lenalidomide, borte-
zomib [BTZ], and dexamethasone), is currently a stan-
dard for initial treatment.°” And the quadruplet regimen
with added daratumumab has gained success in high-
risk patients, followed by ASCT and lenalidomide main-
tenance therapy.’’ Relapse is inevitable in many MM
patients. For the purpose of long-term disease control,
new generation PIs and IMiDs, including ixazomib and
pomalidomide, could be preferred options for relapsed
patients.%” Besides, isatuximab-containing regimens have
shown promising outcomes.”® Selinexor, panobinostat,
and belantamab mafodotin have been approved for second
or higher relapse. And chimeric antigen receptor (CAR)
T-cell therapy has been evidenced to have unprecedented
efficacy in relapsed or refractory MM (RRMM) patients as
well. The optimal choice of agents can be decided depend-
ing on several factors including patient features, previous
treatments, and disease characteristics. The primary treat-
ment options and representative regimens are summarized
in Table 2.

3.1 | Pharmacological therapy

3.1.1 | Proteasome inhibitors
The proteasome regulates protein catabolism through the
ubiquitin-proteasome pathway. The 20S proteasome core
is the vital catalytic site for degrading deubiquitinated
proteins and releasing oligopeptides.®* PIs are one of the
most promising agents for NDMM patients and RRMM
patients, and several mechanisms of action have been
demonstrated. When the proteasome function is inhib-
ited, proteins inside cells accumulate in the cytoplasm,
leading to the increased stress of the endoplasmic reticu-
lum, disrupting cell-cycle signals, and activating apoptotic
pathways.®> Another mechanism is the inhibition of NF-
xB activity. PIs can inhibit the degradation of the inhibitor
of NF-xB, thus, blocking the progression of the disease.*?
BTZ is a first-in-class PI that has been approved by the
FDA since 2003.%° BTZ-based regimens have been the first-
line and cornerstone option for MM. BTZ leads to apop-
tosis directly, inactivates the NF-xB pathway, inhibits the
production of IL-6 and IGF-1, and prevents the adherence
of myeloma cells to the BM microenvironment.®’ In clini-
cal trials, BTZ-based regimens have achieved a high over-

all response rate (ORR), and prolonged PFS and 0S.%
A phase 3 clinical trial recruited patients at 139 institu-
tions and randomized them into the RVd group or the
Rd (lenalidomide and dexamethasone) group. The median
PFS was meaningfully longer in the RVd group than that
in the Rd group. And the median OS was also greatly
improved in the RVd group.® After longer follow-up, the
updated report included 460 patients for survival end-
points analysis. The PFS in RVd group was 41 months,
while in the Rd group, it was 29 months.”” The RVd
regimen results in a clinically meaningful improvement
and occupies a vital position in treatment approaches for
MM. Adverse effects of BTZ include fatigue, gastrointesti-
nal symptoms, thrombocytopenia, and peripheral neu-
ropathy. A study compared the efficacy of subcutaneous
and intravenous BTZ in induction therapy for NDMM
patients. After long-term follow-up, subcutaneous BTZ
was not inferior to intravenous BTZ. Moreover, the occur-
rence of nervous system disorders during maintenance
therapy decreased in patients treated with subcutaneous
BTZ.”

Carfilzomib is a second-generation PI indicated for MM
patients who exhibit invalidation or relapse after receiv-
ing at least two kinds of drugs.”” The mechanism of carfil-
zomib is different from that of BTZ, which binds to the
chymotrypsin-like proteasome site irreversibly and exclu-
sively, leading to apoptosis consequently.”> The single-
agent clinical trial of carfilzomib showed that the ORR was
23.7% in 257 heavily pretreated patients. And the median
OS was 15.6 months.” Adding carfilzomib with lenalido-
mide and dexamethasone (KRd) demonstrated superior
benefits over the control group. The PFS in the carfil-
zomib group was 26.3 months compared to 17.6 months in
the control group.” Carfilzomib has notably extended the
PFS while the rate of adverse events was slightly higher.
These results indicated durable responses of carfilzomib
in RRMM patients. A large group of NDMM patients were
randomized to receive either the RVd regimen or the KRd
regimen. The median PFS was 34.6 months in the KRd
group and 34.4 months in the RVd group. The KRd group
did not show a better outcome in NDMM patients, and
the treatment-related adverse events occurred more fre-
quently in the KRd group.”® In addition, the safety pro-
file of carfilzomib was analyzed from four phase 2 tri-
als. The most common grade 3 or higher adverse events
were thrombocytopenia, anemia, lymphopenia, and pneu-
monia. Aggregated cardiac failure events were reported in
7.2% of patients. Overall, the results indicated a tolerable
safety profile of carfilzomib in patients.”’

Ixazomib is an orally administrated, reversible PI that
acts by inhibiting the chymotrypsin-like activity of the 55
subunit of the 20S proteasome.’® In a phase 3 randomized
clinical trial, the ORR was 78.3% in the IRd (ixazomib,
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lenalidomide, and dexamethasone) group compared with
72% in the placebo-Rd group in RRMM patients. The
median duration of response and PFS in the IRd group
was longer than that in the placebo-Rd group. Meanwhile,
the IRd group showed a substantial benefit in high-risk
patients. Regarding safety, adverse events of grade 3 and
higher happened in 74 and 69% of the patients in each
group.””® Nevertheless, after longer follow-up, there
was no statistically significant benefit of OS in the IRd
group. In a clinical trial that recruited transplant-ineligible
NDMM patients, the median PFS was 35.3 months in the
IRd group and 21.8 months in the placebo-Rd group, with
primarily tolerable safety profiles.®! This oral combina-
tion regimen can be a feasible choice for these patients.
Besides, some other compounds are underway. Marizomib
is an irreversible PI, and a phase I trial demonstrated
its safety and activity in RRMM patients.®” Oprozomib
is orally administrated, and antimyeloma activity has
been identified in NDMM patients while accompanied by
gastrointestinal toxicities.®

3.1.2 | Immunomodulatory drugs

The IMiDs have been reported to target the cereblon ubig-
uitin ligase and lead to the degradation of Ikaros family
zinc finger proteins 1(IKZF1) and 3 (IKZF3), thus, down-
regulating the downstream targets including the expres-
sion of IRF4.5* Besides, IMiDs have been evidenced to
reduce the production of IL-6 and IL-16, increase IL-
2, interfere with the interaction between BMSCs and
MM cells, and exhibit antitumor and immunomodulatory
effects.®>8 Thalidomide is the first IMiD used in MM, and
now this drug is still a member of several regimens com-
bined with BTZ, melphalan, and dexamethasone. In a ran-
domized phase 3 study, patients received thalidomide and
dexamethasone (Td) regimen, either alone or with BTZ
(VTd), followed by ASCT and VTd or Td consolidation ther-
apy. The 10-year-PFS was 34% in the VTd group and 17%
in the Td group.®” The second-generation IMiD, lenalido-
mide, has a potent immunomodulatory effect in the cos-
timulation of T cells.®® This drug was initially approved
for RRMM combined with dexamethasone. A complete
or partial response in the lenalidomide group was 60.2%,
which was significantly better than that in the placebo
group.” Thereafter, the carfilzomib, lenalidomide, and
dexamethasone regimen were evidenced to be tolerable
and highly effective, demonstrating favorable rates of min-
imal residual disease (MRD) negativity in NDMM.*" Cur-
rently, lenalidomide-based regimens are fundamental and
valuable for MM. The combination of lenalidomide and
several PIs, mAbs, or other novel agents has been explored
in clinical trials.®"!

For lenalidomide-refractory patients, pomalidomide is
a suitable option. Pomalidomide can mitigate lytic bone
disease, and the anti-inflammatory effect has also been
demonstrated.’” Pomalidomide with low-dose dexametha-
sone is efficacious for myeloma patients who have received
more than two prior therapies. The median PFS and
OS were 4.2 months and 16.5 months, respectively, and
ORR was 33%.°> Scholars assessed the safety and effi-
cacy of cyclophosphamide, pomalidomide, and dexam-
ethasone regimen. The median PFS was 9.5 months, and
the ORR was 64.7% in this triplet group. This combina-
tion therapy showed a superior efficacy to the pomalido-
mide and dexamethasone regimen.”* Another triplet regi-
men containing pomalidomide, BTZ, and dexamethasone
(PVd) has been investigated. The ORR among all evalu-
able patients was 86%, with a stringent complete response
of 12%, and the median PFS was 13.7 months.”” In the
OPTIMISMM trial, which was a randomized phase 3 mul-
ticentre clinical trial, the median PFS was 11.2 months in
lenalidomide-refractory patients when treated with PVd
regimen, compared with 7.1 months in the BTZ and dexam-
ethasone group.”® This result indicated that the PVd com-
bination therapy is a manageable and efficacious option for
lenalidomide-refractory patients. Since the synergistic effi-
cacy between PIs and IMiDs, pomalidomide has been stud-
ied in combination with carfilzomib and dexamethasone.
And the combination therapy showed acceptable safety
profiles.’” In addition, once-weekly carfilzomib, pomalido-
mide, and dexamethasone were assessed. The median PFS
was 10.3 months, and the median OS was not reached,
with a median follow-up of 12.8 months. Any grade adverse
events included neutropenia, thrombocytopenia, anemia,
infections, and vascular events.”®

3.1.3 | Monoclonal antibodies

CD38 is a glycoprotein that acts as an extracellular
enzyme.” It is related to cell adhesion and cytokine secre-
tion, and is expressed highly and coincidently on MM
cells, making it a potential target.'°° Daratumumab is an
immunoglobulin G1 kappa mAb that binds to CD38.!%!
Daratumumab monotherapy has exhibited encouraging
efficacy in heavily pretreated patients. The ORR was 29.2%,
and the median PFS was 3.7 months.'? A study performed
a pooled analysis of two daratumumab monotherapy tri-
als, in which 86.5% of patients were double refractory to
a PI and an IMiD. This pooled analysis indicated a clin-
ical benefit with deep and durable responses of daratu-
mumab monotherapy. Common adverse events included
fatigue, upper respiratory tract infection, nausea, anemia,
back pain, and thrombocytopenia. The infusion-related
reactions (IRRs) occurred in 48% of patients, and mostly
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during the first infusion.'”® In addition, daratumumab
has shown decisive action when combined with BTZ
and dexamethasone.'’* The PFS in the Dara-Vd (daratu-
mumab, BTZ, and dexamethasone) group was 16.7 months,
while it was only 7.1 months in the BTZ and dexam-
ethasone group. Even in the high cytogenetic risk sub-
group, the PFS was greatly prolonged in the Dara-Vd group.
Besides, the rate of MRD negativity was also significantly
improved, demonstrating favorable clinical benefit.!%>10°
The POLLUX trial evaluated another triplet regimen,
Dara-Rd (daratumumab, lenalidomide, and dexametha-
sone). The PFS was 44.5 months in the Dara-Rd group
compared to 17.5 months in the control group, and the
ORR in the Dara-Rd group was 92.9%, accompanied with
deep responses.'’” To relieve IRRs, subcutaneous infu-
sion of daratumumab has been applied, with recombinant
human hyaluronidase enzyme. A total of 522 patients were
recruited in the COLUMAB trial, and the ORR was 41% in
the subcutaneous group compared with 37% in the intra-
venous group, indicating that the subcutaneous formula-
tion was noninferior to the intravenous formulation with
an improved safety profile.!® In addition, the four-drug
regimen incorporating daratumumab, BTZ, lenalidomide,
and dexamethasone has been adopted for transplantation-
eligible NDMM patients, aiming for more profound dis-
ease responses.’’ These inspiring results support the sta-
tus of daratumumab-based regimens for both RRMM and
NDMM patients.

Isatuximab is another antibody that binds to CD38
and targets an amino acid sequence different from that
of daratumumab.'*’ Isatuximab monotherapy showed an
ORR of 23.9% in RRMM patients, and when combined
with dexamethasone, the ORR was 43.6%."'° A multicen-
tre phase 3 clinical trial recruited 307 patients to deter-
mine the PFS benefit of isatuximab, pomalidomide, and
dexamethasone combinational therapy. This triplet regi-
men significantly improved the PFS, with a median PFS
of 11.5 months.®® IRRs, upper respiratory tract infections,
and diarrhea were the most common adverse events. The
combination of isatuximab and PIs has also been assessed.
The addition of isatuximab to carfilzomib and dexametha-
sone regimen showed improved PFS and depth of response
in RRMM patients."! Isatuximab has become an important
new treatment option for the management of this popula-
tion.

Elotuzumab binds to signaling lymphocytic activation
molecule family member 7 (SLAMF?7), which is expressed
in NK cells and myeloma cells."’? Elotuzumab has been
shown to eliminate myeloma cells by downregulating tar-
get expression and inducing NK cell-mediated antibody-
dependent cell cytotoxicity.'® The combination of elo-
tuzumab and lenalidomide was reported to enhance NK
cell function and myeloma cell killing efficacy, with

increased secretion of IL-2 and production of TNF-a.'"* In a
clinical trial, the elotuzumab, pomalidomide, and dexam-
ethasone regimen showed prolonged PFS.'"> Furthermore,
aberration of the Wnt/S-catenin cascade has been involved
in the progression of MM. BHQ880 is a DKK-1 neutral-
izing antibody, and Fulciniti et al. reported that BHQ880
could increase osteoblast differentiation and decrease IL-6
secretion.''® BHQ880 combined with antimyeloma therapy
and zoledronic acid was tolerable and demonstrated poten-
tial activity in RRMM patients.'’

314 |
therapies

Chimeric antigen receptor T-cell

CAR T-cell therapy possesses a high status and revolution-
izes the treatment of hematological malignancies. Autol-
ogous T cells adopted from MM patients have been engi-
neered with CARs to recognize specific antigens and then
transfused back into patients.!'® The CARs usually consist
of an antigen-binding domain, followed by a hinge and
transmembrane domain. The signaling domains include
costimulatory domain and activation domain, which are
essential for activating cytokine production and cytolytic
capacity.'"” In addition, choosing a proper target is vital,
and B-cell maturation antigen (BCMA), CD38, and CD19
are attractive targets in MM.'?*1?!' A group of patients who
received salvageable therapy and ASCT were injected with
anti-CD19 CAR T-cells, and 2 of 10 patients showed signif-
icantly longer PFS.'”> BCMA belongs to the TNF receptor
superfamily.'”®> Besides, BCMA is significantly expressed
in malignant cells and a limited portion of nonmalignant
cells, including plasma cells and a small subset of B cells,
leading to activation of the NF-xB pathway, and multiple-
step progression in MM patients.'** Idecabtagene vicleu-
cel (Bb2121) is the first anti-BCMA CAR T-cell product
approved by the FDA in 2021, which consists of an anti-
BCMA single-chain variable fragment, a 4-1BB costimula-
tory motif, and a CD3-zeta signaling domain. In a phase
1 trial, the ORR was 85%, and 45% of patients achieved a
complete response. Hematologic toxic effects were com-
mon events, and cytokine release syndrome occurred in
76% of patients.'”> In a phase 2 study, 128 patients received
Bb2121 with a median follow-up over 1 year. The ORR
was 73%, and 33% of patients had a complete or better
response. Besides, the median PFS was 8.8 months, and 33
of 128 patients achieved MRD-negative status. Toxic effects
occurred in almost all patients, and the rate of cytokine
release syndrome was 84%.'%° In addition to Bb2121, the
second anti-BCMA CAR T-cell product, Ciltacabtagene
autoleucel, has been approved recently, and plenty of CAR
T-cell therapies targeting BCMA or other targets are in
active development.'?’
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3.1.5 | Small-molecule inhibitors

Some subgroups of MM patients, including frail elderly,
high-risk, and refractory patients, remain suboptimal
in survival outcomes. And novel agents are needed to
improve the prognosis further. The histone deacetylase
inhibitors (HDACIis), such as panobinostat and ricoli-
nostat, have emerged as important choices.'”® Histone
deacetylase has been evidenced to be overexpressed in neo-
plasm cells and associated with poor prognosis.'?’ Further-
more, HDACis have exhibited the ability to induce dif-
ferentiation and inhibit migration, invasion, and tumor
growth in both animal models and patients.”*’ Panobi-
nostat is an oral pan-deacetylase inhibitor, the panobi-
nostat, BTZ, and dexamethasone regimen was compared
with the BTZ and dexamethasone regimen. The panobino-
stat group showed a longer PFS and a higher complete or
near complete response rate. Nevertheless, serious adverse
events were reported more in the panobinostat group, and
common adverse events included thrombocytopenia, lym-
phopenia, diarrhea, asthenia or fatigue, and peripheral
neuropathy.’*! Another study combined oral panobinostat
and dexamethasone with subcutaneous BTZ. The ORR in
the panobinostat (20 mg), three-times-weekly group was
62.2%, and the result indicated a favorable safety profile.'*?
In addition, the panobinostat and carfilzomib combination
therapy resulted as a practical steroid-sparing choice for
RRMM.!3 Ricolinostat is an HDAC6-selective inhibitor,
and the ricolinostat, BTZ, and dexamethasone combina-
tion therapy was tolerable at a ricolinostat dose of 160 mg
daily, suggesting an acceptable safety profile and efficacy
as well.**

The BCL-2 protein family regulates the apoptosis path-
way, and the abnormal expression or dysfunction of the
BCL-2 protein family is associated with carcinogenesis and
resistance to anticancer drugs.'*> BCL-2 and MCL-1, which
belong to the prosurvival BCL-2-like proteins, represent
attractive targets.'*® Venetoclax is a highly selective BCL-2
inhibitor and has demonstrated impressive results in clin-
ical trials by directly provoking apoptosis of tumor cells."*’
In a multicentre study, the combination of venetoclax and
dexamethasone demonstrated efficacy and safety in heav-
ily pretreated t(11;14) RRMM patients, with an ORR of 60%
in phase 1 and 48% in phase 2.*® The venetoclax, BTZ,
and dexamethasone regimen showed a median PFS of 22.4
months, notably longer than that in the placebo group.'*’
However, the rate of adverse events was higher in the vene-
toclax group, with increased mortality, limiting this treat-
ment option.

Exportin 1(XPOL1) is responsible for the nuclear export of
more than 200 proteins, many of which are tumor suppres-
sor proteins, and XPO1 is overexpressed in several tumor
cells.*® Selinexor is the first XPOI inhibitor approved by

the FDA for RRMM.'“? In triple-class refractory patients,
selinexor plus dexamethasone achieved a partial or better
response of 26%, with two stringent complete responses.
The median PFS and OS were 3.7 months and 8.6 months,
respectively, demonstrating a favorable efficacy for these
heavily pretreated and refractory patients.'*! The combi-
nation of once-per-week selinexor with BTZ and dexam-
ethasone was assessed. The median PFS was 13.9 monthsin
this triplet regimen and 9.5 months in the BTZ and dexam-
ethasone regimen. Despite that, adverse events occurred
more frequently in the selinexor group including thrombo-
cytopenia, anemia, fatigue, and pneumonia.'*? Thereafter,
patients treated with selinexor need supportive manage-
ment properly. In addition, the combination of selinexor
with carfilzomib is under exploration.'*?

3.1.6 | Other novel therapies

Immunotherapy has been a powerful strategy in tumor
treatment. This approach may be the key to regain-
ing immune balance and generating durable control of
myeloma.'** In addition to mAbs and CAR T-cell ther-
apies, bispecific T-cell engagers have been introduced
into preclinical studies and clinical trials. AMG-420 is a
bispecific T-cell engager that binds to BCMA on target
cells, leading to T cell-mediated lysis. The first-in-human
study showed an ORR of 70% while requiring continuous
infusions.'* Teclistamab is a humanized bispecific anti-
body that binds to BCMA and CD3, and demonstrated
promising efficacy and durable responses in a phase 1
study.'*® An antibody-drug conjugate is the combination
of a recombinant mAb with a cytotoxic chemodrug.'*’ Tt
first binds to the target and then delivers the cytotoxic
agent into myeloma cells. Belantamab mafodotin target-
ing BCMA showed 31 and 34% overall response in different
dose cohorts in a two-arm phase 2 study.'*® The most com-
mon adverse events included anemia, keratopathy, and
thrombocytopenia. As more agents are approved, more
studies are needed to properly incorporate these strate-
gies with present therapies, and reduce treatment-related
toxicities.

3.2 | Autologous stem cell
transplantation

Although numerous therapeutic agents have been intro-
duced for the treatment of myeloma, ASCT is still a
cornerstone in MM after initial treatment. Hematopoi-
etic stem cells are mobilized into peripheral blood by
granulocyte colony-stimulating factors with or without
chemotherapy. The CD34% stem cells are collected at least



vz | MedComm

YANG ET AL.

Open Access,

2 x 10° cells/kg. After that, patients receive conditioning
therapy, with high-dose melphalan at the 200 mg/m? level
as the standard regimen. Other reduced dose levels, such
as 140 mg/m?, are always considered for patients who are
older than 65 and have worse renal function.'* A study
reported that the at least very good partial response rate
in the melphalan (200 mg/m?) group was higher than
that in the lower dose group, and melphalan (200 mg/m?)
was associated with a lower disease progression rate.'*’
Other clinical trials are now investigating combination reg-
imens for conditioning therapy, for instance, busulfan in
combination with melphalan.””' Debates on the role of
ASCT still exist, and several clinical trials have demon-
strated enhanced responses and survival benefits. Attal
et al. reported that ASCT after the RVd combination ther-
apy was associated with a higher complete response and
a longer PFS than RVd therapy alone.'>> Recently, a study
pooled four randomized clinical trials for conventional
meta-analysis and five randomized clinical trials for net-
work meta-analysis. The results indicated that high-dose
melphalan, followed by ASCT was associated with supe-
rior PFS compared to standard-dose therapy using novel
agents, while there was no OS benefit.">* In addition, the
optimal timing for ASCT and whether single or tandem
ASCT still remains to be determined. Ongoing studies and
long-term follow-up will continue to figure out a favorable
profile to apply ASCT properly for patients with different
risk profiles and performance status.

4 | NANOMEDICINE-BASED
STRATEGIES FOR MULTIPLE MYELOMA

Despite the advances of effective managements, many
MM patients eventually relapse and develop resistance to
drugs."* In addition to that, systemic toxicity and adverse
events are obstacles of numerous regimens. Accordingly,
nanomedicine-based strategies are underway to address
these potential issues and improve the treatment efficacy
of MM.

Nanomedicine is the intentional design and applica-
tion of nanoscale biomaterials in the field of medicine.'>
Nanobiomaterials mainly include two broad categories,
organic nanomaterials and inorganic nanomaterials.'>
Liposomes, micelles, and polymeric nanoparticles have
been widely applied as drug carriers; metal particles,
graphene, and silicon dioxide nanoparticles can serve as
both nanocarriers and diagnostic tools.”’~1°0 The physic-
ochemical properties, such as composition, size, and sur-
face charge, can influence the process of blood circula-
tion, biodistribution, and cellular internalization in vivo.
Tailoring the properties and responsive conditions of
nanomedicine provides opportunities to achieve different

goals. Encapsulating drugs into nanoparticle platforms can
enhance the solubility and stability, control drug release,
increase drug concentration at the tumor site, and reduce
side-effects at the same time.'®!-1%?

The enhanced permeability and retention (EPR) effect
contributes to the upgraded efficacy of nanomedicine in
solid tumors, owing to the abundant generation of blood
vessels and defective vascular structure inside and around
neoplasms.'%> However, the EPR effect varied among dif-
ferent types of tumors because of significant heterogeneity.
Tumor type, size, location, surrounding environment, and
mononuclear phagocytic system are critical factors corre-
lated with the EPR effect.'® Meanwhile, pressure inside
solid tumors and other biological barriers impedes the
deep penetration of nanomedicine to some extent. In com-
parison, hematological malignancies benefit little from the
EPR property.'® The long circulation property contributes
to the retention of nanomedicine in the blood and BM,
thus, facilitating the interaction of nanomedicine with
hematological tumor cells.'°® The increased angiogenesis
and abundant blood flow in the BM contribute to the aug-
mented passive accumulation. Furthermore, active target-
ing nanomedicine performs better among solid tumors and
hematological tumors. Targeting strategies are established
according to the different properties and molecular expres-
sion levels of tumors. Some specific molecules, such as
peptides, antibodies, aptamers, and proteins, can be used
as high-affinity targeting agents or ligands to achieve pre-
cise treatment.'*”1% For MM, multidrug combination ther-
apies have been broadly adopted, and codelivery of two or
more drugs in one nanoparticle platform guarantees the
synergistic drug ratios. In addition, nanotechnology also
assists in immunotherapy and refines these strategies.'®’
In this section, we summarize the development and recent
advances in nanomedicine-based strategies for MM, elab-
orating the nanoparticle design and antitumor potency.

4.1 | Liposomes

The liposome is one of the ideal and widely applied nano-
materials for drug delivery. Liposomes are composed of
phospholipids and cholesterol. The aqueous core is capa-
ble of loading hydrophilic drugs, and the lipid bilayer can
encapsulate hydrophobic drugs. Pegylated liposomal dox-
orubicin (PLD) was introduced into the market in 1995
for the treatment of MM and other tumors.'”” To verify
the efficacy of PLD, several clinical trials have been car-
ried out. PLD reduced systemic toxicity, including car-
diotoxicity, by long blood circulation and passive accu-
mulation in the tumor sites.!”! Dexamethasone occupies
an essential position in standard regimens for MM. In an
advanced human-mouse hybrid MM model, the liposomal
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dexamethasone showed prolonged circulation and strong
tumor inhibition, while free dexamethasone was ineffec-
tive at the same dosage.'”> Other chemodrugs, such as gem-
citabine, have also been loaded by pegylated unilamellar
liposomes and showed increased apoptosis induction and
cell proliferation inhibition compared to the free drug.'”>

To synthesize the BTZ prodrug, Ashley et al. mixed
the pegylated lipids and BTZ-conjugated lipids to obtain
liposomal BTZ with a reversible boronic ester linkage.
This liposomal BTZ exhibited upgraded pharmacokinet-
ics and better efficacy in tumor growth inhibition.”
Several factors and preparation steps are essential for
the design of liposomes. Entrapping agents, temperature,
incubation duration, total lipid ratio, and drug concen-
tration may change the properties. The diameter of lipo-
somal carfilzomib was approximately 70 nm. Compared
to free carfilzomib, the liposomal carfilzomib displayed
improved effectiveness and decreased systemic toxicity.
Notably, the combination of liposomal carfilzomib with
doxorubicin (DOX) demonstrated a superior synergistic
outcome than the free drug combination.'”> Besides, com-
bination therapy tends to perform synergistically at a spe-
cific drug ratio."”® The blood circulation, biodistribution,
and metabolism can disturb the drug ratio when arriv-
ing at the tumor site. The application of nanomedicine-
based delivery systems ensures the maintenance of opti-
mal synergistic ratios. Carfilzomib and DOX were loaded
into liposomes at a 1:1ratio. Although DOX and carfilzomib
were released at different rates, a synergistic drug ratio was
maintained between 1:1 and 2:1in a controlled release man-
ner and demonstrated significant tumor inhibition, achiev-
ing synergistic therapeutic efficacy.'”’

Choosing a suitable target is crucial and challenging for
active targeting systems. Two target peptides, CD38 and
CD138, were compared. CD138 is a heparin sulfate pro-
teoglycan and is expressed on plasma cells. CD138 regu-
lates the adherence and differentiation of MM cells, which
enables it to be a therapeutic target. Although the bind-
ing ability of CD138-targeted liposomes was better than
that of CD38-targeted liposomes in vitro, CD138-targeted
liposomes were prone to accumulate in the nontumor site
and bind to normal cells, leading to worse performance in
vivo. In addition, a long-lasting period of in vivo study ver-
ified the superior efficacy of CD38-targeted liposomes.'”®
A high targeting rate in vitro may not represent success in
vivo, and utilization of the multivalent low-affinity prop-
erty may contribute to better binding. Chang et al. estab-
lished dioleoyl phosphatidic acid (DOPA)-based liposomes
with two surface modifications, alendronate and transfer-
rin (Tf). Both DOPA and alendronate have a bone affin-
ity, and the Tf modification enhanced cellular uptake. This
liposome demonstrated higher targeting capability and
cellular uptake with pH sensitivity, around 1.6-fold higher

than the control group. Meanwhile, this system showed a
higher Tf-mediated internalization rate, enhanced apopto-
sis induction, and increased survival time.'”” While there
were some inconsistent results between in vitro and in vivo
studies, the more complicated microenvironment in vivo
may be the explanation.

Scholars added VLA-4 antagonist and LPAM-1 antag-
onist to the liposome surface to augment the selectiv-
ity of liposome. The two kinds of peptides on the sur-
face of liposomes bound to myeloma cells cooperatively,
and the optimal peptide density consisted of 0.75% VLA-
4 peptide and 1% LPAM-1 peptide, demonstrating 28-fold
cellular uptake compared to the nontargeted liposome
and approximately ten times over either one targeted
liposome.'®” Such excellent performance in vitro may pro-
mote further exploration and application of this system.
BTZ was combined with Rho-kinase inhibitor Y27632, a
BM microenvironment-disrupting agent, and both were
loaded in liposomes targeting P-selectin.'®! Rho-kinase is
a downstream target of the MM-BM microenvironment
interaction signaling pathway, and this system attempted
to target the tumor-associated endothelium rather than
tumor cells.'®> With the precise targetability and combi-
national delivery in vivo, the efficacy was more dramatic
than that of other formulations. This approach achieved
the goal of increasing treatment sensitivity and overcom-
ing the BM microenvironment-induced drug resistance.

The liposomal bispecific T-cell engager (nanoBiTE) was
decorated with anti-CD3 mAb and anti-CD20 mAb to tar-
get T cells and tumor cells.'®® In an aggressive Walden-
strom macroglobulinemia mouse model, the CD20/CD3
nanoBiTE group achieved eradication of the disease by
day 35. Furthermore, scholars developed liposome-based
multispecific T-cell engagers (nanoMuTEs), decorating
with anti-CD3 mAbs and multiple mAbs, including anti-
BCMA, anti-CSl1, and anti-CD38 mAbs, against myeloma
cells simultaneously. The nanoMuTEs had a long half-
life of 50-60h, and this multispecific formulation was
able to prevent the antigen-less tumor escape. Meanwhile,
nanoMuTEs exhibited a prolonged survival time in MM
mouse models of approximately 10-20 days. This platform
created a specific and efficacious immunotherapy strategy.

4.2 | Micelles

Micelles are self-assembled nanocarriers formed by
amphiphilic polymers. A polymeric micelle using
polyethylene glycol (PEG)-polycaprolactone (PCL) blocks
increased the stability of carfilzomib in MM cells and
lung cancer cells.'®* Zhang et al. developed core-disulfide-
crosslinked micelles with A6 peptide-tagged (A6-PMs).'%
The system increased the stability of the drug and
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controlled drug release according to the glutathione level.
More importantly, improved tumor inhibition and better
tolerance compared to the free formulation provide favor-
able indications for these studies. Another VLA-4-targeted
micelle incorporated with a novel camptothecin prodrug
aimed to solve cell adhesion-mediated drug resistance.
Once the nanoparticle arrived at the target, it fused with
the cell membrane and transferred the payload into
the cell. This system decreased tumor burden in vivo
without causing severe toxicity, and provided a strategy to
treat chemoresistant myeloma in combination with free
chemotherapy.'%°

5-Aza-2’'-deoxycytidine (DAC) belongs to deoxycytidine
analogs, which can activate methylated and silenced
genes by promoter demethylation.'®” DAC and BTZ were
encapsulated into NH,-PEG-PCL nanoparticles simulta-
neously. The dual-drug micelle showed good stability and
slow-release properties, inducing reactive oxygen species
(ROS) release and apoptosis at the cellular level.'®® LP-1
human MM cells overexpress CD44, and hyaluronic acid
has a high affinity for CD44 on the cell surface. The
lipophilized BTZ was encapsulated in the hyaluronic acid-
shelled and core-disulfide-crosslinked micelle. Because of
the enhanced hydrophobic interaction, the loading efficacy
was markedly increased and exhibited quick intracellular
release. This complex inhibited tumor growth better than
free BTZ at the same dose level, and more importantly,
showed high toleration. Moreover, this platform prolonged
the survival time compared with liposomal BTZ as well.'®’

4.3 | Polymeric nanoparticles

Polymeric nanoparticles are formed by natural or syn-
thetic polymers. The preparation process of nanopar-
ticles can be manipulated with pH level, tempera-
ture, solvent conditions, and targetability, aiming to
tailor the properties to meet variable goals. In addi-
tion, therapeutic agents can be encapsulated, conju-
gated, or attached to the core or surface of nanopar-
ticles. Zhong et al. encapsulated DOX in lipoic acid-
crosslinked hyaluronic acid nanoparticles, and the disul-
fide crosslink structure helped stabilize the nanoparticles.
The release of the DOX nanoparticle was mainly con-
centrated at the tumor site rather than in normal organs
or tissues.'”’ Several immunotherapy modalities targeting
BCMA have emerged for durable and deep responses.'!
Nevertheless, patient-specific procedures require compli-
cated protocols, which limit wide applications. An off-
the-shelf vaccine can reduce the workload and pro-
mote the activation of effective T cells. Bae et al. found
an immunogenic BCMA,.go [YLMFLLRKI] peptide and
developed nanoparticle-based BCMA delivery systems.

The poly(lactic-co-glycolic acid) (PLGA)-based nanopar-
ticles showed gradual increased uptake by antigen-
presenting cells, and exhibited the highest polyfunctional
antitumor activity, with CD107a degranulation-based cyto-
toxicity and production of cytokines. It evoked higher
proliferation of CD8%cytotoxic T cells and antimyeloma
effect than the free BCMA peptide.'®” This nanoparticle-
based cancer vaccine can be utilized to maintain a
long-lasting immune response. Guo et al. formulated
the PLGA/polyethyleneimine nanoparticles containing
programmed cell death ligand 1 (PD-L1) and DKK-1
antigens.'”® This formulation activated the responses of
dendritic cells and T cells, which were essential for anti-
tumor activity.

Active targeting strategies have excellent potential to
realize precise accumulation of delivered drugs in the ideal
site. Multiple avenues for active targeting strategies have
been established with nanoparticles. The CD44-specific
A6 short peptide (KPSSPPEE) showed a solid affinity for
CD44. Gu et al. encapsulated epirubicin into the func-
tionalized A6-polymersome (A6-PS-EPI). A6-PS showed
high drug loading ability with a simplified fabrication pro-
cess. An in vivo study showed that the median survival
was 240 days in the group treated with A6-PS-EPI and
72 days in the nontargeted PS-EPI group, demonstrating
striking efficacy.!”* Granzyme B, the key player in NK
cells, was loaded in the hyaluronic acid-directed reduction-
responsive chimeric polymersome (HA-RCP-GrB). With
the property of reduction-triggered protein release and
CD44 targetability, HA-RCP-GrB achieved a noticeable
survival benefit and less weight loss than nontargeted poly-
mersomes and blank control groups in both subcutaneous
and orthotopic mouse models. Besides, decreased osteol-
ysis in the BM was identified.'”> In summary, these plat-
forms improved the antitumor effect and tolerability of free
drugs, providing a new avenue.

Daratumumab immunopolymersomes loaded with
vincristine sulfate (Dar-IPs-VCR) showed superb sta-
bility, efficacious vincristine (VCR) loading rate, high
targetability, and glutathione-responsive release property.
It exhibited a particular binding ability to CD38-positive
MM cells in the BM with sequential release of VCR
through the glutathione-triggered mechanism to inhibit
microtubule formation and cause cell apoptosis. Dar-IPs-
VCR completely depleted LP-1-Luc cells in the orthotopic
MM model in vivo, with no bodyweight loss and less bone
damage.'”® Puente et al. labeled anti-CD38 mAbs with
biotin to obtain the CD38-targeted nanoparticles loaded
with BTZ. The chitosan nanoparticle had an increasable
swelling property in the MM-conditioned microen-
vironment, presenting with a faster release, and the
50 nm size allowed deep penetration. The CD38-targeted
nanoparticles were taken up fourfold by CD38-positive
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myeloma cells than by normal cells and entered target
cells through endocytosis, resulting in a much higher
drug concentration.'”” The STAT3 inhibitor is limited by
its poor hydrophilic property and severe adverse events
in clinical application. To overcome these defects, Huang
et al. loaded S31-1757, a STAT3 inhibitor, into anti-CD38
decorated nanoparticles. The researchers used a covalent
thioester bond to conjugate the antibody and exhibited
higher stability than biotinylation conjugations. The ICs,
of CD38-targeted S31-1757 nanoparticle was significantly
lower. The nanoparticle minimized the tumor volume
more efficiently than the free inhibitor, and showed
increased bioavailability of the drug.'”®

Bisphosphonates are pyrophosphate analogs, and they
can selectively bind to the surface of bone owing to their
affinity for hydroxyapatite crystals. Bisphosphonates are
also able to inhibit the progression of osteoclastic activ-
ity and are capable of inhibiting tumor cell adhesion and
migration, acting as supportive agents.'”” Due to the affin-
ity for the bone surface of alendronate, Swami and cowork-
ers reported a nanoparticle system with bone tissue ori-
enting and microenvironment manipulation properties.
In biodistribution studies, this bone-targeted nanopar-
ticle showed a 9.6-fold accumulation compared to the
nontargeted one. The targeted nanoparticle loaded with
BTZ (Ald-BTZ-NP) contributed to bone formation and
decreased tumor burden in the xenograft osteolytic bone
disease model, demonstrating a promising benefit in MM
treatment.”%”

4.4 | Inorganic nanoparticles

Inorganic nanoparticles have attracted great attention in
the nanomedicine area, exhibiting unique features. Metal
nanoparticles have high stability, high purity, optical and
electromagnetic properties, and the surface can be eas-
ily modified. Zhang et al. developed iron oxide magnetic
nanoparticles (MNPs) with modified dimercaptosuccinic
acid. BTZ and gambogic acid (GA) were encapsulated
in MNPs. The combination platform of BTZ-GA/MNPs
showed increased inhibition of cell proliferation, as well
as induction of cell apoptosis.’’! In comparison, free
BTZ and GA had a mild antitumor effect at the equiva-
lent dose level. Since the poor water solubility limits the
clinical utilization of paclitaxel, researchers synthesized
paclitaxel-loaded Fe;0, nanoparticles (PTX-NPs).?"? The
PTX-NP group showed the strongest tumor volume inhi-
bition among other groups.?’> Moreover, superparamag-
netic iron oxide nanoparticles (SPIONs) were utilized as
a magnetic hyperthermia treatment, which induced endo-
plasmic reticulum stress and caused MM cell death.?** In
addition, SPIONs combined tumor imaging with targeted

treatment. Coating with folic acid, SPIONs selectively
accumulated in the tumor site, localized the tumor by
MRI, and generated heat to selectively kill tumor cells
in mouse plasmacytoma models.>”> Much work has been
done to refine the properties of VCR because of its high
lipophilicity and severe side-effects.’’° A gold nanoparti-
cle loaded with low-dose VCR reduced the risk of side-
effects, in which the nanomaterial acted as both a carrier
and a combinational drug component, arresting cells at
the S phase.’’’ The radionuclide ®Zr naturally homes to
the bone and could be used to sensitize the therapeutic
effects of drugs.””® Titanium dioxide (TiO,) nanoparticles
coated with Tf and radiolabeled with 8°Zr were able to tar-
get the BM and image the distribution of nanoparticles in
mouse models. Besides, in the presence of 3Zr, the TiO,
nanoparticles were able to generate ROS and induce cell
death through the apoptosis pathway.?””

Silica is a safe and biocompatible inorganic material,
and mesoporous silica nanoparticles (MSNs) are easily
degraded and expelled from urine.?'’ Nigro et al. grafted
folic acid on the surface of MSN and then encapsu-
lated BTZ in the nanoparticle (FOL-MSN-BTZ).?!! FOL-
MSN-BTZ affected the metabolic pathway of MM cells by
damaging mitochondrial function, decreasing ATP levels,
and concurrently increasing ROS production. Meanwhile,
FOL-MSN did not impact the metabolism of normal cells,
guaranteeing the safety profile of the material. This drug
delivery system increased the therapeutic index and pro-
vided a safe treatment choice.

4.5 | Other platforms

Dendrimers are a specific type of polymers with a strictly
defined structure. They are globular-shaped nanosized
macromolecules with high branching, presenting with
a central core and dendritic branches starting radially
from the core. Besides, the outer surface of dendrimers
can be modified with functional groups.?’? BTZ is cur-
rently available only by intravenous and subcutaneous
injection, with no oral formulation due to its poor oral
absorption. Chaudhary et al. increased the solubility and
stability of BTZ using dendrimers. They synthesized two
kinds of dendrimers, G4-PAMAM-NH, and G5-PPI-NH,,
both of which can excessively improve the solubility of
BTZ by more than 1000 times. And the solubility was
concentration- and pH-dependent through hydrophobic
interactions and electrostatic interactions.”’® Although
NK cell-based therapy has been a powerful tool to fight
with malignancy, iterating infusions with a large number
of NK cells after engraftment are needed. The technique of
selective NK cell proliferation remains a problem.**
The synthetic reagents, poly(phosphorhydrazone)



16 of 27 |

YANG ET AL.

dendrimers, showed immunomodulatory properties
in vitro, and were evidenced to activate the proliferation of
NK cells. Dendrimer-expanded NK cells were examined
in subcutaneous tumor models and exhibited antitumor
ability.”"> The high reproducibility of ex vivo amplification
with precise control makes it possible to be widely applied.

Hydrogels are crosslinked hydrophilic polymer chains
formed networks, demonstrating a sol-gel phase transi-
tion property.’’® They can respond to external stimuli,
including temperature, pH level, and light, according
to different designs. Injectable biodegradable hydrogels
have become a matter of importance for drug delivery. In
addition, the incorporation of nanoparticles into hydro-
gels has integrated the multifunction and advantages
with high tunability.?’” To achieve sustained release
of BTZ, Lee et al. encapsulated BTZ into PEG-P(Cat);3
micelles with pH-sensitive boronic ester bonds and
incorporated these micelles into a hydrogel network.
The BTZ-loaded micelle/hydrogel composite served as
a subcutaneously injectable and biodegradable dosage
form with readily tunable mechanical properties. BTZ
was released sustainedly in the acidic environment within
9 days. This composite acted as a drug reservoir and
showed a meaningful delay in tumor progression after one
treatment.”'

Biomimetic nanoparticles are novel strategies for drug
delivery. Cells and their derivatives possess specific fea-
tures, and nanoparticles coated with cell membranes
exhibit cell-like behaviors.”'® Besides, these nanoparticles
also retain the physicochemical properties of synthetic
vehicles. Biomimetic nanoparticles are capable of immune
escape, long circulation, and active targeting.??® Sev-
eral source cells, including red blood cells, macrophages,
platelets, and tumor cells, have been studied for supe-
rior targeting capacity and therapeutic efficacy. The pH-
responsive nanoparticles were coated with platelet mem-
brane (PM-NP), and the affinity between P-selectin and
CD44 enabled the nanoparticles to target NCI-H929 cells.
Once the nanoparticles were internalized by myeloma
cells, the drugs inside were released owing to the acid-
responsive behavior. In addition, alendronate was attached
to the surface of nanoparticles, aiming to accumulate in the
bone site. The codelivery of BTZ and tissue plasminogen
activator (tPA) enabled the PM-NP to inhibit tumor growth
and dissolve thrombus, reducing the risk of thrombus
complications. The targeted-NP-BTZ showed higher cyto-
toxicity against NCI-H929 cells with significantly lower
ICs, value than the NP-BTZ. Moreover, the sequential
targeting strategy aimed at bone and MM cells resulted
in superior treatment efficacy.””!’ MM cells mainly sur-
vive in the BM and exhibit the BM homing property. Cell
membrane-coated nanomedicine can inherit the proper-
ties of the source cell. Researchers took advantage of this

phenomenon and designed an MM cell membrane-coated
BTZ nanoparticle (MPCEC@BTZ). This MM-mimicking
nanocarrier efficiently transported BTZ into BM and tar-
geted MM cells. In addition, the system exhibited the prop-
erty of immune escape. In the orthotopic MM model, the
MPCEC@BTZ group demonstrated the lowest biolumines-
cence imaging intensity and Kappa light chain concen-
tration. In addition, the MPCEC@BTZ formulation pro-
longed the median survival time of the disease model and
avoided serious adverse effects (Figure 5).%*

With the property of high spatiotemporal accu-
racy, photodynamic therapy can control tumor-killing
precisely.””>?** Nevertheless, the poor penetration of
external light and indeterminate tumor location limits
its application in disseminated tumors. Transforming
hydrophobic light-sensitive drugs into phototherapeutic
agents with tumor-targeted lipid micelles or serum albu-
min nanoparticles and radiopharmaceuticals extends the
application range. This strategy facilitated the treatment
efficacy in the disseminated MM model with the effects
of Cerenkov radiation-induced therapy.””> The epirubicin-
loaded and anti-ABCG2 mAb conjugated microbubbles,
along with ultrasound exposure, attempted to eradicate the
MM stem cells in the engrafted tumor mouse models. The
targeted drug delivery system could anchor at the tumor
site and retain for a long time; nevertheless, apart from the
targeting ability, it did not enhance the therapeutic effect.
When combined with ultrasound, epirubicin invaded
myeloma cells facilely through membrane perforations.??°
The preclinical results demonstrated a new strategy to
target MM cells and enhance efficacy.

4.6 | Clinical applications
of nanomedicine

Nanomedicine aims to improve the therapeutic index
of chemotherapeutic drugs by modifying their physico-
chemical properties, pharmacokinetics, and distribution
in vivo. Optimized delivery of drugs to the ideal site has
also been emphasized in the clinic. Several liposomes
and polymeric nanoparticles have been approved to treat
malignant neoplasms. The FDA has granted liposomal
DOX and liposomal VCR for MM and acute lymphoblastic
leukemia. Liposomal DOX achieved long circulation and
preferential accumulation at the tumor site, attenuating
cardiac toxicity in both animal models and humans.??’
The PLD has been evaluated in different combination
regimens including PIs or IMiDs. The BTZ, PLD, and
dexamethasone regimen seems highly effective for initial
therapy. In a pivotal trial, patients who received PLD and
BTZ showed superior effects than the BTZ monotherapy
group in the interim analysis.””® However, the final results



YANG ET AL.

Multiple ; >
myeloma cell(MM) MM cell membrane

W 1 R
PCL-PEG-PCL ey \ MPCEC@BTZ nanoparticles . -
@
Bortezomib(BTZ) PCEC@BTZ nanoparticles

Bone marrow

< homing

b Homologous
"6 | targeting

| ! e
“ GQ Immune escape %/»
-

i\

Macrophage

Long circulation

Immune
4 escape protein

Homologous
| targeting protein

Y Bone marrow
homing protein

‘Q— MM cell

Control MPCEC Free BTZ PCEC@BTZ MPCEC@BTZ

~-AANARRNNANRN AN
S RAIEERIRARIRAEINEA]

FIGURE 5

-] F!m AN DN

AOADRO0

(A) Schematic illustration of MM cell membrane-coated bortezomib (BTZ) nanoparticles for treatment of multiple myeloma.

These biomimetic nanoparticles could enter the bone marrow cavity after intravenous injection, and then target tumor cells through

homologous targeting. (B) Bioluminescence images of mice treated with saline (control), blank MPCEC nanoparticles, free BTZ, PCEC@BTZ
nanoparticles, and MPCEC@BTZ nanoparticles (Copyright 2022, John Wiley and Sons???)

indicated that this combination did not improve OS
compared to monotherapy in long-term follow-up.?*
CPX-351 gains satisfying outcomes as a dual-drug lipo-
somal formulation that encapsulates daunorubicin and
cytarabine at a fixed ratio of 5:1.*° The results of clini-
cal trials demonstrated clinical benefits and confirmed
CPX-351 as a standard intensive therapy for high-risk or
secondary acute myeloid leukemia in older patients.?!
Although nanomedicine has shown inspiring efficacy
in preclinical studies, many limitations and difficulties
remain in the path of clinical translation. The limited gain
in OS has not satisfied clinicians and patients. Rare active
targeting nanoparticles have been applied in the clinic so
far. The complicated preparation process restricts large-
scale output. In addition, clinical trials and long-term
outcomes are required to verify the efficacy and safety of
nanomedicine.

4.7 | Challenges of nanomedicine in
multiple myeloma

Nanomedicine has demonstrated promising -efficacy
in tumor treatment. Several factors are essential for
designing nanomedicine including preparation methods,
different targeting peptides or antibodies, length, and
hydrophilicity of conjugated linkers.?*? In addition, excel-
lent performance in vitro cannot guarantee a satisfying
outcome in vivo. The complicated situation in vivo,
including blood circulation, biodistribution, tumor cell
penetration, and the interaction between nanoparticles
and healthy tissues, hindered the voyage to the target site,
leading to disappointing behavior.** In vivo estimation
remains crucial for clinical application. The hydrophilicity
of the targeting peptides, the valency of the peptides on the
surface, and nanoparticle size matter greatly. Therefore,
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upgrading these parameters and finding the balance
among these factors is essential to uplift the in vivo
therapeutic results.

MM is highly heterogeneous, and stemming from the
heterogeneous expression levels of surface molecules on
MM cells, there still exist limitations to achieving precise
targeting. Therefore, digging the highly unique surface
marker of MM, creating dual-targeted nanoparticles,
and optimizing the preparation are essential steps to
improve the efficacy. Other significant issues of MM are
drug resistance and disease relapse. Many patients suffer
from relapse, showing double or even triple refractory.
Mapping out a strategy to achieve MRD-negativity may
be the key point to solve the problem. Several organic
nanoparticles formulated by polymeric materials have
been widely studied and have shown high biocompatibil-
ity, biodegradability, and low toxicity based on tests in cells
and animal models. Because of the different characteristics

of ingredients and surface modifications, the metabolic
pathways of nanomedicine in vivo vary from each other.
Therefore, safety issues should be considered. The long-
term effects of nanomaterials are essential for biosafety
assessment and clinical application but are currently less
explored.

The two main myeloma animal models are xenogeneic
model and syngeneic tumor model. Culturing myeloma
cells in human fetal bone or rabbit bone and then implant-
ing them into severe combined immune deficiency mice
can sustain myeloma cell growth and recreate the look-
alike microenvironment.?** Syngeneic tumor models, such
as the transplantable murine model 5T33 and geneti-
cally engineered mouse models, can present aggressive
late-stage disease.”>> Gu et al. established an orthotopic
MM mouse model by intravenous injection of LP-1-Luc
MM cells, which were disseminated to the whole body.'**
Another A6 peptide targeted nanoparticle was studied in

TABLE 3 Studies of active targeting nanoparticles for multiple myeloma
Injection
Targets Types Agents method In vivo model Refs.
CD38 Liposome Doxorubicin iv NCI-H929 subcutaneous 178
model
Bone/transferrin ~ Liposome Paclitaxel ip MM.1S orthotopic model 179
receptor
P-selectin Liposome Bortezomib/Y27632  iv MM.1S orthotopic model 181
CD3/BCMA, CS1, Liposomal multispecific T-cell - iv MM.1S orthotopic model 183
CD38 engager
CD44 Core-disulfide-crosslinked micelle Carfilzomib iv LP-1 subcutaneous model 185
VLA-4 Micelle Camptothecin iv 5TGML1 orthotopic model 186
prodrug
CD44 Hyaluronic acid-shelled and Bortezomib iv LP-1subcutaneous model 192
core-disulfide-crosslinked micelle
CD44 Lipoic acid-crosslinked hyaluronic Doxorubicin iv LP-1 subcutaneous model 190
acid nanoparticle
CD44 Polymersome Epirubicin iv LP-1 orthotopic model 194
CD44 Chimeric polymersome Granzyme B iv LP-1 subcuta- 195
neous/orthotopic
model
CD38 Immunopolymersome Vincristine sulfate iv LP-1 orthotopic model 196
CD38 Chitosan nanoparticle Bortezomib iv MM.1S orthotopic model 197
CD38 Polymeric nanoparticle S31-1757 iv U266 orthotopic model 198
Bone Polymeric nanoparticle Bortezomib ip MM.1S orthotopic model 200
Bone marrow/ Titanium dioxide nanoparticle 897r iv MM.1S orthotopic model 209
transferrin
receptor
Bone/CD44 Platelet membrane-coated Bortezomib/tPA iv NCI-H929 orthotopic 221
nanoparticle model
Bone marrow MM cell membrane-coated Bortezomib iv MRD orthotopic model 222

Abbreviations. ip, intraperitoneal injection; iv, intravenous injection.

nanoparticle
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a subcutaneous model with an implanted human BM-like
scaffold, providing an advanced manner to verify the effec-
tiveness of micelle-drug formulations.'®> However, subcu-
taneous xenograft mouse models are mostly used for their
viability and convenience, although they cannot genuinely
imitate the complicated microenvironment. Even though
nanoparticles showed validation in these models, they may
not demonstrate matching efficacy in the clinical situa-
tion. Establishing orthotopic animal models and patient-
derived xenograft models can be more reliable to verify the
power of nanomedicine.

5 | CONCLUSIONS AND PERSPECTIVES
Improved understanding of biological development,
molecular abnormalities, and the BM microenvironment
of MM enables effective treatment and management
for patients. To date, the survival of MM patients has
improved as large amount of therapeutic agents have
emerged. Next-generation PIs, IMiDs, mAbs, CAR T-cell
therapies, and novel agents are favorable advancements,
and ASCT is still a cornerstone during management. In
addition to currently adopted approaches, drug deliv-
ery strategies should be considered. Nanomedicine can
meliorate the pharmacokinetic and pharmacodynamic
properties of conventional agents. Nanoplatforms loaded
with cytotoxic drugs and PIs have achieved controlled
drug release, prolonged circulation, and reduced systemic
toxicity. Active targeting nanoparticles with particular
affinity for MM cells, bone, or BM have been designed for
precise treatment (Table 3). Besides, nanomedicine acts as
an aide in immunotherapy to strengthen immune effects.
However, challenges still exist, and a portion of patients
have poor outcomes.

When designing treatment strategies, personalized situ-
ations, tolerability, and molecular information should be
taken into account. Patients with high-risk features need
to be identified early, and the application of biomarkers
can help to select subgroups for appropriate treatment.
Besides, real-world evidence is needed to assess the ben-
efits, toxicity, and long-term effects. Studies are underway
to figure out potential combination strategies, mechanisms
of drug resistance, new targets, and new drug classes.
Regarding the further development of nanomedicine, sev-
eral aspects deserve the attention of researchers. The preci-
sion, efficacy, and safety of nanomedicine systems are cru-
cial issues, thus, requiring rational and ingenious design.
Combination therapies, multiple targeting strategies, and
immunotherapies are promising paths for nanotechnol-
ogy application. In addition, orthotopic animal models are
needed as standards to judge the effect of nanomedicine
platforms. Moreover, the convenience of large-scale man-

ufacture and long-term storage for clinical translation
should be considered as well.
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