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Part |

Monoclonal Gammopathy

of Undetermined Significance
and Smoldering Myeloma



Maria-Victoria Mateos and Ola Landgren

Abstract

Monoclonal gammopathy of undetermined significance (MHUS) is characterized
by the presence of a serum M-protein less than 3 g/dL, less than 10 % clonal
plasma cells in the bone marrow, and the absence of myeloma-defining event.
Smoldering multiple myeloma (SMM) is an asymptomatic disorder characterized
by the presence of 23 g/dL serum M-protein and/or 10-60 % bone marrow
plasma cell infiltration with no myeloma-defining event. The risk of progression to
multiple myeloma (MM) requiring therapy varies greatly for individual patients,
butitis uniformand 1 % per year for MGUS, while higher (10 % per year) and not
uniform for SMM patients. The definition of MM was recently revisited patients
previously labeled as SMM with a very high risk of progression (80-90 % at
2 years) were included in the updated definition of MM requiring therapy. The
standard of care is observation for MGUS patients and although this also applies
for SMM, a recent randomized trial targeting high-risk SMM showed that early
intervention was associated with better progression-free and overall survival.
Biomarkers have become an integrated part of diagnostic criteria for MM
requiring therapy, as well as clinical risk stratification of patients with SMM. This
paper reviews and discusses clinical implications for MGUS and SMM patients.
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mined significance - Smoldering myeloma
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1 Introduction

In 1978, Monoclonal gammopathy of undetermined significance (MGUS) was
described by Kyle and Greipp and 2 years later, based on a series of six patients
who met the criteria for multiple myeloma (MM) but whose disease did not have an
aggressive course, the same authors coined the term smoldering multiple myeloma
(SMM) [1]. In 2014, the International Myeloma Working Group IMWG) updated
the definition of multiple myeloma (MM) which in turn impacted the definition of
both MGUS and SMM [2]. MGUS diagnosis requires the presence of <3 g/dL
serum M-protein and <10 % bone marrow plasma cells with no hypercalcemia,
renal failure, anemia, and bone lesions that can be attributed to the underlying
plasma cell disorder. Indeed, SMM is now defined as a plasma cell disorder
characterized by the presence of one or both of the features of 23 g/dL serum
M-protein and 10-60 % bone marrow plasma cells (BMPCs), but with no evidence
of myeloma-related symptomatology (hypercalcemia, renal insufficiency, anemia or
bone lesions (CRAB)) or any other myeloma-defining event (MDE). According to
this recent update, the definition of MM includes patients with BMPCs of 60 % or
more, serum free light-chain (FLC) levels of 2100, and those with two or more
focal lesions of the skeleton as revealed by magnetic resonance imaging (MRI).
Thus, the definition of MM requiring therapy has changed from symptoms to
biomarkers. Kristinsson et al., through the Swedish Myeloma Registry, recently
reported that 14 % of patients diagnosed with multiple myeloma indeed SMM, and,
using the world population as a reference, estimated the age-standardized incidence
of SMM to be 0.44 cases per 100,000 people [3]. The incidence of MGUS is higher
than SMM and is present in roughly 3-4 % of the population over the age of
50 years [4].

2 Differential Diagnosis with Other Entities

Based on current diagnostic criteria, SMM is distinguished from monoclonal
gammopathy of undetermined significance (MGUS) and MM requiring therapy
(Table 1). Specifically, MGUS is characterized by a serum M-protein concentration
of less than 3 g/dL, less than 10 % plasma cell infiltration in the bone marrow, and
absence of CRAB criteria and absence of MDE [2]. Furthermore, MM requiring
therapy is defined as follows: presence of one or more of the CRAB criteria and/or
one of the MDE, in conjunction with 10 % or more clonal BMPC infiltration or
biopsy-proven bony or extramedullary plasmacytoma. As per the criteria, presence
of end-organ damage (i.e., CRAB criteria) needs to be correctly evaluated to dis-
tinguish myeloma-related symptomatology from some signs or symptoms that
could otherwise be attributed to comorbidities or concomitant diseases [5].
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Table 1 Differential diagnosis of MGUS, SMM and MM requiring therapy

Feature MGUS SMM MM requiring therapy
Serum M-protein <3 g/dL >3 g/dL -
and and/or
Clonal BMPC <10 % 10-60 % 210 % or biopsy-proven
infiltration plasmacytoma
Symptomatology Absence of Absence of Presence of MDE*
MDE* MDE*

*MDE includes (1) hypercalcemia: serum calcium > 0.25 mmol/L (>1 mg/dL) higher than the
upper limit of normal or >2.75 mmol/L (>11 mg/dL); (2) renal insufficiency: serum creatinine
>177 pmol/L (2 mg/dL) or creatinine clearance <40 ml/min; (3) anemia: hemoglobin value of
>2 g/dL below the lower normal limit, or a hemoglobin value <10 g/dL; (4) bone lesions: one or
more osteolytic lesion revealed by skeletal radiography, CT, or PET-CT or the presence of any one
or more of the following biomarkers of malignancy: clonal bone marrow plasma cell percentage
260 %; involved/uninvolved serum free-light chain ratio 2100; >1 focal lesions revealed by MRI
studies

3 Diagnostic Work-up

Initial investigation of a patient with suspected MGUS or SMM should include the
tests shown in Table 2, which are coincidental with those used for a correct
diagnosis of MM requiring therapy [6]. As far as SMM is concerned, due to the

Table 2 Work-up for newly
diagnosed MGUS and SMM
patients

* Medical history and physical examination
* Hemogram

* Biochemical studies, including of creatinine and calcium
levels; Beta2-microglobulin, LDH and albumin

* Protein studies

—Total serum protein and serum electrophoresis (serum
M-protein)

—24-h urine sample protein electrophoresis (urine M-protein)

—Serum and urine immunofixation

* Serum free light-chain measurement (sFLC ratio)

* Bone marrow aspirate & biopsy: infiltration by clonal plasma
cells, flow cytometry and fluorescence in situ hybridization
analysis*

* Skeletal survey, CT, or PET-CT*

* MRI of thoracic and lumbar spine and pelvis; ideally,
whole-body MRI (only for SMM)

FLC free light chain; CT computed tomography; PET-CT
'8F_fluorodeoxyglucose (FDG) positron emission tomography
(PET)/CT; MRI magnetic resonance imaging

*These assessments can be deferred in patient with low-risk
MGUS (IgG type, monoclonal protein <1.5 g/dL, normal free
light-chain ratio)
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updated IMWG criteria for the diagnosis of MM, there are some specific assess-
ments to which physicians have to pay attention in order to make correct diagnosis.

(1) With respect to the evaluation of bone disease, the IMWG recommends that—
in addition to a conventional skeletal survey—'®F-fluorodeoxyglucose
(FDG) positron emission tomography (PET)/computed tomography (CT) and/or
low-dose whole-body CT shall be conducted to rule our bone and/or bone marrow
involvement. Specifically, the aim is to exclude presence of osteolytic bone lesions,
currently defined by the presence of at least one lesion (=5 mm) revealed by X-ray,
CT, or PET-CT. In addition, whole-body MRI of the spine and pelvis (or, ideally, if
available, whole-body MRI) is a required component of the initial work-up. It
provides detailed information about bone marrow involvement and identifies
potential focal lesions which have been found to predict a more rapid progression to
MM requiring therapy. In 2010, Hillengass et al. reported that the presence of two or
more focal lesions in the skeleton by whole-body MRI was associated with a sig-
nificantly shorter median time to progression (TTP) to active disease of 13 months,
compared with the period when no focal lesions were present [7]. Kastritis and
colleagues replicated these observations based on a smaller group of patients who
underwent spinal MRI and were followed up for a minimum of 2.5 years. In their
study, the median TTP to symptomatic disease was 14 months when more than one
focal lesion was present [8]. Therefore, if two or more focal lesions are detected by
MRI, based on the most recent IMWG criteria (REF), such a patient is defined as
having MM requiring therapy.

(2) With respect to bone marrow infiltration, the Mayo Clinic group evaluated
BMPC infiltration in a cohort of 651 patients and found that 21 (3.2 %) had an
extreme infiltration (260 %) [9]. This group of patients had a median TTP to active
disease of 7.7 months, with a 95 % risk of progression at 2 years. This finding was
subsequently validated in a study of 96 patients with SMM, in whom a median TTP
of 15 months was reported for the group of patients with this extreme infiltration. In
a third study, six of 121 patients (5 %) with SMM were found to have 60 % or
more BMPC, and all progressed to MM within 2 years [10]. Therefore, based on
the most recent IMWG criteria (REF), if 60 % or more of clonal plasma cell
infiltration is present either in bone marrow aspirate or biopsy, the diagnosis is MM
requiring therapy. Additional assessments, for example, by flow cytometry or by
identifying cytogenetic abnormalities in SMM patients, are not required to confirm
or rule out MM requiring therapy, but can help estimate the risk of progression from
SMM to MM requiring therapy.

(3) With respect to the serum free light-chain (FLC) assay, Larsen et al. studied
586 patients with SMM to determine whether there was a threshold FLC ratio that
predicted 85 % of progression risk at 2 years. They found a serum
involved/uninvolved FLC ratio of at least 100 in 15 % of patients and a risk of
progression to symptomatic disease of 72 % [11]. Similar results were obtained in a
study by Kastritis and colleagues from the Greek Myeloma Group [12]. In their
study of 96 SMM patients, 7 % had an involved/uninvolved FLC ratio of 2100 and
almost all progressed within 18 months. In a third study, the risk of progression
within 2 years was 64 %. Consequently, if the involved/uninvolved ratio is 2100,



MGUS and Smoldering Multiple Myeloma: Diagnosis and Epidemiology 7

and the involved FLC concentration is >10 mg/dL, based on the most recent
IMWG criteria (REF), a patient fulfills the criteria for MM requiring therapy.

Once MM requiring therapy has been ruled out and a diagnosis of SMM has
been made, considering the specific assessments mentioned above, the serum and
urine M-component, hemoglobin, calcium, and creatinine levels should be reeval-
uated 2-3 months later to confirm the stability of these parameters. The subsequent
follow-up involves the same evaluation but the frequency should be adapted on the
basis of risk factors for progression to MM requiring therapy (see below).

Table 3 Smoldering MM: markers predicting progression to MM requiring therapy
Features for identifying high-risk MGUS patients

» Concentration of Serum M-protein:

—M-protein of 2.5 g/dL. —> 49 % risk of progression at 20 years

* Type of Serum M-protein:

—Patients with IgM or IgA isotype, the risk is higher compared with IgG MGUS

* Bone Marrow Plasma Cells:

—>5 % of plasma cell bone marrow infiltration

» Abnormal serum FLC ratio:

—High risk of progression (Hazar ratio 3.5), independent of the concentration and type of serum
M-protein.

Features for identifying high-risk SMM patients: 50 % at 2 years

* Tumor burden:

—210 % clonal plasma cell bone marrow infiltration plus
—23 g/dL of serum M-protein and

—serum free light-chain ratio between 0.125 and 8

» Bence Jones proteinuria positive from 24-h urine sample
« Peripheral blood circulating plasma cells >5 X 10%/L

» Immunophenotyping characterization and immunoparesis:

-2 95 % of aberrant plasma cells by flow within the plasma cell bone marrow compartment
plus

—immunoparesis (>25 % decrease in one or both uninvolved immunoglobulins relative to the

lowest normal value)

» Cytogenetic abnormalities:

—Presence of t(4;14)

—Presence of dell7p

—Gains of 1q24

—Hyperdiploidy

—Gene Expression Profiling risk score > —0.26

* Pattern of serum M-component evolution

—Evolving type: if M-protein = 3 g/dL, increase of at least 10 % within the first 6 months. If
M-protein < 3 g/dL, annual increase of M-protein for 3 years

—Increase in the M-protein to 23 g/dL over the 3 months since the previous determination

* Imaging assessments

—MRI: Radiological progressive disease (MRI-PD) was defined as newly detected focal lesions
(FLs) or increase in diameter of existing FL and a novel or progressive diffuse infiltration.

—Positive PET/CT with no underlying osteolytic lesion

MRI magnetic resonance imaging; PET-CT '®F-fluorodeoxyglucose (FDG) positron emission
tomography (PET)/CT



8 M.-V. Mateos and O. Landgren

4 Risk Factors Predicting Progression to MM Requiring
Therapy

Patients diagnosed of MGUS have a low and uniform risk of progression to MM
requiring therapy, 1 % per year [13]. However, most patients diagnosed with SMM
will progress to MM requiring therapy and will need to start treatment. However,
based on current criteria, SMM is not a uniform entity and once the diagnosis has
been confirmed, the doctor should evaluate the risk of progression to MM requiring
therapy with the aim to offer an appropriate, risk-based follow-up, and to optimize
the management of the SMM patient. The average risk of progression from SMM to
MM requiring therapy is about 10 % per year [14].

Several studies have proposed clinical predictors of progression from
MGUS/SMM to MM requiring therapy. Although they are not exact by any means,
such clinical markers are useful for physicians in that they provide a probability
measure of progression (Table 3).

5 Management of MGUS and SMM Patients

Patients with MGUS should be tested again in 4—6 months since the suspicion of
the diagnosis to exclude and evolving MM. The standard of care is not to treat
unless MM or order plasma cell disorder is developed. The standard of care for the
management of SMM patients has been observation until MM develops. However,
several groups evaluated the role of early intervention in this group of patients using
conventional and novel agents.

There have been different trials evaluating the role of early treatment with
melphalan and prednisone (MP), or novel agents, such as thalidomide or even
bisphosphonates.

None of these trials provided evidence favoring the early treatment of patients
with SMM. However, they were conducted without considering the differences in
the risk of progression to active disease, and while the high-risk subgroup of
patients may have benefited, this could have been counterbalanced by the absence
of benefit in low-risk patients. The Spanish Myeloma Group (GEM/Pethema) has
conducted a phase III randomized trial in 119 SMM patients at high risk of pro-
gression to active disease (according to the Mayo and/or Spanish criteria) that
compared early treatment with lenalidomide plus dexamethasone as induction
followed by lenalidomide alone as maintenance versus observation. The primary
end-point was TTP to symptomatic MM, and after a median follow-up of
40 months, the median TTP was significantly longer in patients in the early treat-
ment group than in the observation arm (not reached vs. 21 months; hazard ratio,
HR =5.59; p < 0.001). Secondary end-points included response, OS and safety.
The PR or better after induction was 82 %, including 14 % of cases of stringent
complete response (SCR) plus CR, and after maintenance the SCR/CR rate increased
to 26 %. The safety profile was acceptable and most of the adverse events reported
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were grade 1 or 2. The OS analysis showed that the 3-year survival rate was also
higher for the group of patients who received early treatment with
lenalidomide-based therapy (94 vs. 80 %; HR = 3.24; p = 0.03) [15]. A recent
update of this trial confirmed the efficacy of early treatment in terms of TTP
(HR = 6.21; 95 % CI: 3.1-12.7, p < 0.0001) and the benefit to OS was even more
evident with longer follow-up (HR = 4.35, 95 % CI: 1.5-13.0, p = 0.008) [16].
This study showed for the first time the potential for changing the treatment
paradigm for high-risk SMM patients based on the efficacy of early treatment in
terms of TTP to active disease and of OS. Moreover, several trials currently
underway are focusing on high-risk SMM patients using novel agents.

6 Managing MGUS and SMM Patients in Clinical Practice

Patients with low-risk MGUS may be reevaluated every 2 years, whereas those
with high-risk MGUS should be followed annually for life or until they develop an
unrelated condition that severely limits life expectancy. At the time of the follow-up
examination, a careful history and physical examination should be performed,
looking for symptoms or signs of one of the malignant disorders known to evolve
from MGUS. The serum and urine M-protein values should be measured, as well as
the complete blood count, calcium, and creatinine. Patients should always be told to
obtain medical evaluation promptly if clinical symptoms occur.

Concerning SMM, given the extensive background to this disease described
above, the first step in clinical practice is to identify the risk of progression to active
disease for each newly diagnosed SMM patient. A key question is which risk model
is the best to use for the purpose of estimating the risk of progression from SMM to
MM requiring therapy. The Mayo Clinic and Spanish models enable initial risk
stratification of SMM and, in fact, both were validated in a prospective trial.
However, new risk models are emerging that incorporate new clinical and bio-
logical features [10, 14, 17-22] (Table 4). The components of these models are not
identical, and, importantly, they are all probability models and not markers
reflective of defined biological mechanisms directly related to progression
(Table 3).

SMM patients should be classified as follows:

(1) SMM patients at low risk of progression who are characterized by the
absence of the aforementioned high-risk factors (using the validated Mayo and
Spanish risk models), with an estimated probability of progression at 5 years of
only 8 %. Patients in this group behave similarly to MGUS-like patients and should
be followed annually.

(2) The second group includes SMM patients at intermediate risk of progression
and they only display some of the aforementioned high-risk factors. They have a
risk of progression at 5 years of 42 %, and they must be followed up every
6 months.
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Table 4 Risk models for the stratification of SMM

Risk model Risk of progression to MM
Mayo Clinic 1 risk factor Median TTP
* 210 % clonal PCBM infiltration 2 risk factors 10 years
* 23 g/dL of serum M-protein 3 risk factors 5 years
* Serum FLC ratio between <0.125 or >8 1.9 years
Spanish Myeloma No risk factor Median TTP
* 295 % of aberrant PCs by MFC 1 risk factor NR
* Immunoparesis 2 risk factors 6 years

1.9 years
Heidelberg T-mass low + CA low risk 3-year TTP
» Tumor mass using the Mayo Model T-mass low + CA high risk 15 %
* t(4;14), dell7p, or +1q T-mass high + CA low risk 42 %

T-mass high + CA high risk 64 %

55 %
SWOG No risk factor 2-year TTP
* Serum M-protein > 2 g/dL 1 risk factor 30 %
* Involved FLC > 25 mg/dL > 2 risk factors 29 %
* GEP risk score > —0.26 71 %
Penn No risk factor 2-year TTP
* 240 % clonal PCBM infiltration 1 risk factor 16 %
* sFLC ratio = 50 >2 risk factors 44 %
» Albumin < 3.5 mg/dL 81 %
Japanese 2 risk factors 2-year TTP
* Beta 2-microglobulin > 2.5 mg/L 67.5 %
* M-protein increment rate > 1 mg/dL/day
Czech and Heidelberg No risk factor 2-year TTP
» Immunoparesis 1 risk factor 53 %
» Serum M-protein > 2.3 g/dL 2 risk factors 7.5 %
* Involved/uninvolved sFLC > 30 3 risk factors 44.8 %

81.3 %
Barcelona 0 points 2-year TTP
* Evolving pattern = 2 points 1 point 24 %
* Serum M-protein = 3 g/dL = 1 point 2 points 31 %
* Immunoparesis = 1 point 3 points 52 %

80 %

(3) The third group includes high-risk SMM patients classified on the basis of
one of the risk models mentioned above. Half of them will progress during the
2 years following diagnosis. These groups of patients need a close follow-up every
2-3 months. Key questions are whether this high-risk group should be treated, and
how they should be treated. Although the Spanish trial showed significant benefit
from the early treatment in high-risk SMM patients, there are some limitations that
prevent the results being generally applicable at present; these may be resolved
when the results of the ongoing clinical trials become available. In our opinion, the
best approach for high-risk SMM is to refer them to centers that specialize in
anti-myeloma therapy and offer them participation in clinical trials [23].
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Abstract

There has been great progress in the management and patient outcome in
multiple myeloma due to the use of novel agents including immunomodulatory
drugs and proteasome inhibitors; nonetheless, novel agents remain an urgent
need. The three promising Achilles heals or vulnerabilities to be targetted in
novel therapies include: protein degradation by the ubiquitin proteasome or
aggresome pathways; restoring autologous antimyeloma immunity; and target-
ing aberrant biology resulting from constitutive and ongoing DNA damage in
tumour cells. Scientifically based therapies targeting these vulnerabilities used
early in the disease course, ie smouldering multiple myeloma, have the potential
to significantly alter the natural history and transform myeloma into a chronic
and potentially curable disease.

Keywords
Multiple myeloma - Targetted therapies . Immune therapies - Protein
degradation

1 Introduction

Advances in biology, genomics, epigenetics, and immunity have transformed our
understanding of the etiology and pathogenesis of multiple myeloma, allowing for
delineation of those mechanisms both intrinsic to the tumor cell and in the host
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whereby monoclonal gammopathy of undetermined significance progresses to
smoldering multiple myeloma and to active myeloma. Within myeloma, an
unprecedented level of genetic heterogeneity and genomic instability has been
defined, as well as clonal evolution underlying progression of disease [6, 33, 36].
The parallel development of in vitro and in vivo models of myeloma in its bone
marrow milieu has facilitated the identification of mechanisms mediating myeloma
cell homing to the bone marrow, growth, survival, and drug resistance, as well as
egress to extramedullary sites [26, 28]. Taken together, these advances have
allowed for the identification and targeting of Achilles heals or vulnerabilities in
myeloma, directly leading to a transformation in therapeutic efficacy and patient
outcome [4, 5, 12]. In the future, we will treat earlier in the disease course, at a time
when patients are asymptomatic, to prevent the development of active disease using
well-tolerated drug combination therapies targeting these Achilles heals. Myeloma
will then be transformed to a chronic illness and ultimate cure.

2 Excess Protein Production

The first example of an Achilles heal in myeloma is due to their synthesis of excess
monoclonal protein, which can either be degraded via the proteasomal or aggre-
somal cascade or secreted [25]. The development of the proteasome inhibitor
Bortezomib demonstrated that primarily targeting the constitutive chymotryptic
activity could achieve clinical responses in relapsed refractory myeloma, and it is
now a standard component of initial and maintenance treatments. Furthermore,
delineation of its mechanism of action has shown that it targets the tumor cell,
tumor-host interaction, as well as bone marrow milieu and accessory cells [24].
Importantly, preclinical studies have informed the rational use of combination
therapies, such as bortezomib with lenalidomide to trigger both intrinsic and
extrinsic apoptotic signaling [38].

Bortezomib has already provided the framework for the development of second
generation proteasome inhibitors carfilzomib [45, 46, 49], ixazomib [10, 30, 39], and
marizomib [7, 9, 15], and also led to ongoing current efforts to target the ubiquitin
proteasome cascade upstream of the proteasome with inhibitors of deubiquitylating
enzymes [11, 48] or of the proteasome ubiquitin receptor to overcome proteasome
inhibitor resistance. These preclinical and clinical studies have validated targeting
the ubiquitin proteasome cascade for therapeutic application in myeloma.

When the proteasomal degradation pathway is inhibited, there is a compensatory
upregulation of the aggresomal degradation pathway [25]. The latter can be blocked
by either pan histone deacetylase inhibitors [17, 43] or by histone deacetylase six
selective inhibitors [44], since the ubiquitinated misfolded protein binds to histone
deacetylase 6, which in turn binds to the dynein tubulin carrier complex, thereby
shuttling the protein load to the aggresome for its degradation. Already broad class
I/IT histone deacetylase inhibitors vorinostat [17] and panobinostat [43] have been
combined with bortezomib to block the aggresomal and proteasomal degradation of
protein, respectively. While the response rates and progression free survival are



Vision Statement for Multiple Myeloma: Future Directions 17

prolonged with combination therapy, side effects of the broad acting histone
deacetylase inhibitors preclude their use for long-term benefit. Ricolinostat is a
histone deacetylase 6 selective inhibitor with a more favorable tolerability profile
[44] and therefore can be readily combined with proteasome inhibitors to allow for
long-term blockade of both aggresomal and proteasomal degradation pathways.

3 The Host Immunosuppressive Environment

A second Achilles heal in myeloma is the immunosuppressive environment in the
host. In this case, targeting the vulnerability consists of strategies to restore host
anti-myeloma immunity. There are five strategies, which when combined will
markedly improve patient outcome: immunomodulatory drugs, monoclonal anti-
bodies, checkpoint inhibitors, vaccines, and cellular therapies.

Lenalidomide and other immunomodulatory drugs target cereblon [29, 35] and
trigger the degradation of alios and ikaros gene products, thereby upregulating
transcription of interleukin 2 and interferon gamma genes [18]. They upregulate
cytolytic T cell, natural killer cell, and natural killer cell-T cell anti-MM immunity,
while at the same time inhibiting aberrant increased regulatory T cell function in
myeloma [20, 23]. Lenalidomide is now incorporated into initial, salvage, and
maintenance therapies worldwide.

The search for therapeutic monoclonal antibodies in myeloma has been ongoing
for decades, and is now coming to fruition. For example, elotuzumab targets
SLAMEF-7 on the multiple myeloma surface, mediating complement dependent and
antibody dependent cellular cytotoxicity [47]. This antibody also targets natural
killer cells and enhances their activity. Although single agent clinical trials of
elotuzumab saturated SLAMF-7 sites on tumor cells, only stable disease and no
clinical responses were observed. Importantly, preclinical studies showed that
lenalidomide augments antibody dependent cellular cytotoxicity [47], and combi-
nation lenalidomide elotuzumab therapy of relapsed myeloma has markedly pro-
longed progression free survival in patients with relapsed myeloma [34, 40],
providing the basis for its regulatory approval.

The second antibody example is anti-CD38 monoclonal antibodies daratu-
mumab [16, 31] and SAR650984 [27]. CD38 was originally described as T 10
antigen expressed on activated T, B, natural killer, myeloid, and monocytoid cells,
as well as endothelial cells and hematopoietic progenitor cells. Due to its broad
expression, it was not developed therapeutically based on fears that there may not
be an acceptable therapeutic window or index. Remarkably, anti-CD38 monoclonal
antibody daratumumab achieves responses as a single agent in relapsed refractory
myeloma; and as with elotuzumab, the combination of daratumumab with
lenalidomide markedly augments clinical response.

Checkpoint inhibitors are the third immune targeted treatment approach in
myeloma. Myeloma cells express PD-L1, as do plasmacytoid dendritic cells [8, 37]
and myeloid-derived suppressor cells [21, 22] which both promote myeloma cell
growth and drug resistance as well as downregulate host immune response. T,
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natural killer, and natural killer-T cells in myeloma express PD-1. Checkpoint
blockade with anti-PD-L1 monoclonal antibody may therefore have broader effects
than anti-PD-1 monoclonal antibody. Recent preclinical data shows that lenalido-
mide downregulates PD-L1 on myeloma cells, plasmacytoid dendritic cells, and
myeloid derived suppressor cells; as well as downregulates PD-1 expression on
immune effector T, natural killer, and T-natural killer cells [22]. Importantly, the
combination of checkpoint inhibitors and lenalidomide markedly augments cyto-
Iytic response, another example of combination immune therapies.

The fourth example of immune therapies is vaccines. In myeloma two examples
are peptide-based vaccines being evaluated to prevent progression of patients with
smoldering multiple myeloma to active myeloma [1-3]; and myeloma-dendritic
cell-based vaccines now in clinical trials to treat minimal residual disease post
autologous stem cell transplant and improve patient outcome [41, 42]. In both
cases, vaccines have achieved immune responses in patients against their own
myeloma cells. The addition of lenalidomide in preclinical studies can augment this
response [22], and the combination of vaccine with lenalidomide strategy is cur-
rently under evaluation in both settings. Moreover, checkpoint inhibitor therapy can
similarly augment response to vaccination [3], setting the stage for combination
vaccine, lenalidomide, and checkpoint inhibitor clinical trials, with the goal of
achieving central and effector memory cell autologous anti-myeloma immunity.

Finally, adoptive cellular therapies represent a fifth immune strategy, exempli-
fied by CART cells. The strategy of genetically activating host T cells to target
tumor specific antigens, expanding them ex vivo, and transfusing them back to the
patient has already achieved remarkable responses in leukemias and lymphomas. In
myeloma, the optimal antigens are not defined; BCMA, SLAMF-7, and CD19 are
among those under evaluation. A single patient with high-risk relapsed myeloma
refractory to all known therapies has recently achieved a molecular complete
response after CD19 CART therapy [19]. As a further example of combination
therapy, she is receiving lenalidomide to prevent T cell exhaustion.

Thus the second Achilles heal in patients with myeloma is immunosuppression,
which can be overcome by these and other related strategies. The ability in par-
ticular to achieve memory cell immunity in patients against their own myeloma is
very promising, given the ability of host immunity to potently, selectively, and
adaptively target ongoing genomic evolution underlying myeloma progression.

4 Genomic Abnormalities

The third Achilles heal in myeloma is predicated upon genomic analyses [6, 32, 33,
36]. To date, profiling of myeloma genomics and epigenomics has revealed a very
heterogeneous and complex baseline status, with many abnormalities and multiple
clones even at diagnosis. Moreover, further genomic and epigenomic changes and
clonal evolution underlie relapse of disease. Ongoing attempts are targeting
abnormalities with targeted single or combination agents; however, the lack of
predominant abnormalities in myeloma, coupled with the genomic instability and
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evolution, represents a major obstacle to these approaches. However, genomic and
epigenomic patient profiling analyses can identify those critical pathways which can
then be targeted to abrogate aberrant biology.

The first example stems from our recent genomic study showing that a subset of
patients with myeloma, leukemia, and lymphoma has decreased copy number and
expression of YAP-1 [13]. In myeloma cells with constitutive genomic instability
and DNA damage, a DNA damage response is initiated in which ABL-1 binds to
nuclear YAP-1, thereby triggering p73-mediated apoptosis of damaged cells in a
p53-independent process. Restoration of YAP-1 in vitro or in vivo can restore this
apoptotic signaling and response. Importantly, YAP-1 expression is inhibited in
these tumor cells by increased expression of STK4; and conversely, genetic
depletion of STK4 can upregulate YAP-1 and related p73-mediated apoptosis.
Efforts are ongoing at present to develop therapeutic STK4 inhibitors to treat this
subset of patients.

A second example of a genomically-based Achilles heal is in those patient
whose myeloma expresses very high levels of c-Myc [14]. In this patient subset,
there are two processes that represent vulnerabilities to be targeted. First, there is a
DNA damage response ongoing which can be targeted, i.e., with ATR inhibitors.
Second, there is an abundance of reactive oxygen species, which can be further
increased pharmacologically. We have shown that either inhibiting ATR or aug-
menting reactive oxygen species can trigger apoptosis in this subset of myeloma,
and that the combination induces synergistic cytotoxicity.

These examples therefore utilize genomic studies to define critical pathways for
therapeutic targeting.

5 Summary and Future Directions

There has been a paradigm shift in the treatment and outcome of myeloma based
upon improved understanding of the biology of the myeloma cell in the host bone
marrow microenvironment. Already increasing genomic and epigenomic under-
standing in myeloma has identified Achilles heals to target therapeutically.
Importantly, multiple strategies for restoring host anti-myeloma immunity represent
overcoming an additional Achilles heal in the host. Ultimately, combination tar-
geted and immune therapies used early in the disease course offer the real potential
for long-term disease-free survival and cure.
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Abstract

Multiple myeloma (MM) is a genetically complex disease. The past few years
have seen an evolution in cancer research with the emergence of next-generation
sequencing (NGS), enabling high throughput sequencing of tumors—including
whole exome, whole genome, RNA, and single-cell sequencing as well as
genome-wide association study (GWAS). A few inherited variants have been
described, counting for some cases of familial disease. Hierarchically, primary
events in MM can be divided into hyperdiploid (HDR) and nonhyperdiploid
subtypes. HRD tumors are characterized by trisomy of chromosomes 3, 5, 7, 9,
11, 15, 19, and/or 21. Non-HRD tumors harbor IGH translocations, mainly
t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20). Secondary events participate to
the tumor progression and consist in secondary translocation involving MYC,
copy number variations (CNV) and somatic mutations (such as mutations in
KRAS, NRAS, BRAF, P53). Moreover, the dissection of clonal heterogeneity
helps to understand the evolution of the disease. The following review provides
a comprehensive review of the genomic landscape in MM.
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1 Introduction

Multiple myeloma (MM) is a genetically complex and heterogeneous disease
resulting from a multiple genomic events leading to tumor development and pro-
gression. Uncovering and dissecting true driver events in MM might provide
rational for new potential targets and therapeutic option in the disease. All MM are
preceded by a monoclonal gammopathy of undetermined significance (MGUS) and
smoldering myeloma (SMM). This model of the disease provides a framework to
understand the genomic hierarchy in MM. Events found at MGUS stages are likely
to be primary events and involved in tumor development, in contrary, events pre-
sent at the MM stage and absent in MGUS are likely to be secondary events leading
to tumor progression. Similarly, the study of clonal heterogeneity—defining clonal
or subclonal genomic events helps also to dissect the phylogeny of tumors. Hier-
archically, primary events are usually divided into hyperdiploid (HDR) and non-
hyperdiploid subtypes. HRD tumors are characterized by trisomy of chromosomes
3,5,7,9, 11, 15, 19, and/or 21. Non-HRD tumors harbor IGH translocations,
mainly t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20). Secondary events are
required for tumor progression. Most of the copy number variations (CNV), MYC
translocations and somatic mutations in MAPK, NFkB, and DNA repair pathways
are only seen at MM stages and not in premalignant stages—so potential secondary
events. However, the distinction between driver and passenger events is a current
challenge to interpret correctly the genomic landscape of MM.

2 Inherited Variants

Although lifestyle or environmental exposures have not been consistently linked to
the incidence of MM, there seems to be a two to fourfold elevated risk of MM in
relatives of individuals with the disease [1]. This has been postulated to be a
consequence of the co-inheritance of multiple low-risk variants. Investigating these
families further and performing genome-wide association studies (GWAS) on large
patient populations, three genetic loci were associated with a modest but increased
risk of developing MM. These include 3p22.1 (rs1052501, in ULK4), 7p15.3
(rs4487645, surrounding by DNAHI1 and CDCA7L) and 2p23.3 (rs6746082,
surrounding by DNMT3A and DTNB) [2]. A follow-up study by the same group,
including 4,692 individuals with MM and 10,990 controls, revealed four new loci:
3q26.2 (rs10936599, surrounding by MYNN and TERC), 6p21.33 (rs2285803 in
PSORS1C2), 17pl11.2 (rs4273077 in TNFRSF13B) and 22q13.1 (rs877529 in
CBX7) [3]. These seven identified loci provide further evidence for an inherited
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genetic susceptibility to MM and reportedly account for ~ 13 % of the familial risk
of MM. The complete functional role of each of these candidate genes remains to be
elucidated. The authors found no association between genotypes and the expression
level of their genes. Interestingly, in another GWAS study, the same team identified
a strong association between the variant rs603965, responsible for c807G > A
polymorphism in CCNDI and the translocation t(11;14)(ql3;q32), in which
CCNDI1 is placed under the control of the immunoglobulin heavy (IGH) chain
enhancer [4]. In this model, a constitutive genetic factor is associated with risk of a
specific chromosomal translocation. Based on these initial studies, it is likely that
more susceptibility loci will be identified in the future and possibly correlated to
specific MM subtypes. For example, it has been largely reported that
African-Americans have a higher risk of developing MM than Caucasians; how-
ever, no potential genetic variants have been identified to date [5]. Moreover,
uncovering the functional role of these 7 SNPs significantly associated with MM
might help to advance our understanding of MM oncogenesis.

3 Chromosomal Translocations

In MM, the large majority of chromosomal translocations involve chromosome 14,
and specifically the IGH locus on 14q32.33, placing a partner gene under the control
of the IGH enhancer. These translocations are generated by abnormal class switch
recombination (CSR) events and are usually present in all clonal cells. They are also
detectable in monoclonal gammopathy of unknown significance (MGUS), consis-
tent with their early development in MM oncogenesis. Five major chromosomal
partners—t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20)—seem to impart a
selective advantage to the clone by up regulating expression of specific oncogenes—
MMSET and FGFR3, CCND3, CCNDI, MAF, and MAFB, respectively [6]. It is
likely that all these translocations lead to deregulation in the cell cycle G1/S tran-
sition, which has been described as a key early molecular abnormality in MM. This
can be direct through t(11;14) and t(6;14) deregulating CCND1 and CCND3,
respectively [7, 8]. In t(14;16), this is modulated through MAF which up regulates
CCND2 by directly binding to its promoter [9] while in t(4;14), the exact mechanism
is still uncertain but the translocation of FGFR3 and MMSET to the IGH enhancer is
known to also up regulate CCND2 [6]. Recently, mutations involving the MYC locus
have been identified in MM.

Translocation (4,14) is observed in about 15 % of MM cases [10] and has been
associated with an adverse prognosis in a variety of clinical settings [11-14]. The
juxtaposition results in deregulation in the expression of FGFR3 and
MMSET/WHSCI1 [15]. The breakpoints all reside between FGFR3 and MMSET
resulting in overexpression of FGFR3 in 70 % of the cases and MMSET in all cases
[16—-18]. MMSET is a methyl-transferase protein, whose up regulation leads to the
methylation of histone H3K36, thus regulates expression of several genes [19].
MMSET has been shown also to regulate histone H4K20 methylation and recruit
53BP1 at DNA damage sites [20]. FGFR3 is a tyrosine kinase receptor oncogene
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activated by mutations in several solid tumor types. Notably, FGFR3 is up regu-
lated in only 70 % of patients with the translocation because of an unbalanced
translocation with loss of the telomeric part of chromosome 4, bearing FGFR3 [12,
17, 21]. This suggests that MMSET is the main molecular target of the translo-
cation. Interestingly, despite the poor prognosis associated with t(4;14), a survival
advantage in these patients has been demonstrated through early treatment with the
proteasome inhibitor Bortezomib [22, 23].

Translocation (6;14) is a rare translocation present in only about 2 % of MM
patients [10] and results in the direct up regulation of CCND3 via juxtaposition to
the IGH enhancers [8, 11]. The breakpoints are all located 5’ of the gene [16]. The
overall prognostic impact of this translocation is neutral [24].

Translocation (11;14) is the most frequent translocation cited as being present in
about 15-20 % of patients with MM [7]. Normally B cells express cyclin D2 and
D3 but not D1. However, due to the translocation juxtaposing CCNDI to the IGH
enhancer, its expression is deregulated. The breakpoints seem to be located 5’ of
CCNDI1 [16]. In terms of prognosis, this translocation is considered as neutral,
however, Walker et al. recently showed that in 10 % of t(11;14) a CCNDI mutation
co-occurs and the combination is associated with a poor prognosis when compared
with non-mutated t(11;14) patients [25].

Translocation (14;16) is estimated to be present in about 5-10 % of patients
with MM and results in the overexpression of the MAF oncogene splice variant
c-MAF, a transcription factor which up regulates a number of genes, including
CCND?2 by binding directly to its promoter [9, 26]. Breakpoints are located 3’ of
MAF within the last exon of WWOX, a known tumor suppressor [16]. Though
t(14;16) was associated with a poor prognosis in a number of clinical series
[13, 27], a more recent retrospective multivariable analysis on 1003 newly diag-
nosed MM patients showed t(14;16) is not associated with a poor prognosis [27].

Translocation (14;20) is present in about 1 % of patients and is the rarest
translocation of the major five. It results in up regulation of the MAF gene paralog
MAFB. According to microarray studies, MAFB overexpression results in a similar
gene expression profile (GEP) as that seen with c-MAF [11], implying common
downstream targets including CCND2. The translocation is associated with a poor
prognosis when present in MM but interestingly correlates to long-term stable
disease when found in precursor conditions like MGUS and smoldering MM
(SMM) [28]. This suggests that the translocation itself is not responsible for the
poor prognosis but additional genetic events are likely required to accumulate
imparting this negative prognosis.

MYC translocations have been recently identified in a cohort of 463 whole
exome sequencing including extra baits on the MYC locus. MYC translocations
were found in 85 patients (18.4 %). Partner genes include /GH, IGL and IGK loci,
as well as FAM46C, FOXO3, BMP6 and rarely XBP1, TXNDC5, CCNDI, and
CCND3. These translocations lead to significant overexpression of MYC, probably
resulting from juxtaposition of super-enhancers surrounding the partner gene to
MYC locus. MYC translocations are associated with a poor outcome [25].



Genomic Aberrations in Multiple Myeloma 27
4 Hyperdiploidy

Hyperdiploidy (HRD) is defined as a number of chromosomes between 48 and 74.
HRD MM are characterized by multiple chromosomal gains, preferentially trisomy
of chromosomes 3, 5,7, 9, 11, 15, 19, and 21 [29]. The mechanism underlying this is
not known but one hypothesis suggests that the gain of multiple whole chromosomes
occurs during a single catastrophic mitosis rather than through the serial gain of
chromosomes over time [30]. Nearly half of MGUS and MM tumors are hyper-
diploid. Only a few HRD tumors have a co-existing primary IgH translocation—
about 10 % of the cases—whereas non-HRD tumors usually have an IgH translo-
cation [31]. Interestingly, in case with coexistent HRD and IGH translocations, HRD
may precede IGH translocations in a proportion of patients, as revealed by
single-cell sequencing analysis [32]. In terms of signaling pathways, HRD tumors
display  biological heterogeneity. Some harbor high expression of
proliferation-associated genes while others are characterized by genes involved in
tumor necrosis factor/nuclear factor-xB (TNF/NF«B) signaling pathway [33]. HRD
is associated with a more favorable outcome in general [34], however, coexistent
adverse cytogenetic lesions (del 17p, t(4;14) and gain of 1q) shorten survival in MM
patients with HDR tumors [32].

5 Copy Number Variations

Copy number variations (CNVs) represent a common feature of MM and are
thought to be secondary events, involved in tumor progression. CN'Vs result from
gain and loss of DNA at both a focal level or of an entire chromosome arm.
Similarly to single nucleotide mutations, CNVs are probably both driver and pas-
senger events. Highly frequent and recurrent CNVs are likely to be driver, sug-
gesting that the minimal amplified or deleted regions contain important genes
involved in the development and progression of MM [35-39].

1q Gain: Duplication of the long arm of chromosome 1 is present in 35-40 % of
patients [36, 40—43]. This is known to have an adverse effect on overall survival
[44]. Gain of 1q21, detected with a specific probe for CKSIB, is an independent
prognostic factor and remains when other adverse cytogenetic lesions that fre-
quently coexist are removed [36, 44]. Though the relevant genes on 1q have not yet
been fully explored, a minimally amplified region was identified between 1q21.1
and 1g23.3 containing 679 genes. Among these candidate oncogenes are CKSIB,
ANP32E, BCL9, and PDZKI [36, 44, 45]. Of these genes, ANP32E, a protein
phosphatase 2A inhibitor involved in chromatin remodeling and transcriptional
regulation is of particular interest and has been shown to be independently asso-
ciated with shortened survival [36]. These findings reinforce the role of gain of 1q
in MM pathogenesis and suggest that patients with this type of CNV may benefit
from specific inhibitors of these candidate genes and pathways that have been
identified.
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1p Deletion: Deletions of 1p are observed in approximately 30 % of MM
patients and are associated with poor prognosis [36, 46, 47]. Two regions of the 1p
arm are of interest in MM pathogenesis when deleted: 1pl12 and 1p32.3. 1pl2
contains the candidate tumor suppressor gene FAM46C whose expression has been
correlated to that of ribosomal proteins and eukaryotic initiation/elongation factors
involved in protein translation [48]. This gene has been shown to be frequently
mutated in MM and has been independently correlated with a poor prognosis [36,
42, 46, 48]. Region 1p32.3 may be hemi- and homozygously deleted and contains
the two target genes CDKN2C and FAF1. CDKN2C is a cyclin-dependent kinase 4
inhibitor involved in negative regulation of the cell cycle, whereas FAFI encodes a
protein involved in initiation and enhancement of apoptosis through the Fas path-
way. Deletion 1p is associated with adverse overall survival [49].

13q Deletion: Monosomy of the long arm of chromosome 13 is present in about
45-50 % of patients and is commonly associated with nonhyperdiploid tumors [24,
50-52]. In approximately 85 % of cases, deletion of chromosome 13 constitutes a
monosomy or loss of the q arm, whereas in the remaining 15 % various interstitial
deletions occur [50, 53]. Chromosome 13 has been extensively investigated as a
prognostic factor and as a location of tumor suppressor genes. The minimally
deleted region lies between 13ql4.11-13q14.3 and contains 68 genes
including RBI, EBPL, RNASEH2B, RCBTB2, and the microRNA miR-16-1 and
miR-15a [36]. Molecular studies have shown that the tumor suppressor gene RBI is
significantly under expressed in these deletions and may result in inferior negative
cell cycle regulation [36]. Establishing the prognostic significance of deletion 13 is
challenging because it is frequently associated with other high risk cytogenetic
lesions such as t(4;14) [43]. As such, the historic link between deletion 13 and poor
prognosis is a surrogate of its association with high-risk lesions.

17p Deletion: Most of chromosome 17 deletions are hemizygous and of the
whole p arm, a genetic event observed in around 10 % of newly diagnosed MM
cases with the frequency increasing in later stages of the disease [13, 54]. The
minimally deleted region includes the tumor suppressor gene 7P53. While cases
without del(17p) have a rate of TP53 mutation that is <1 %, cases with the deletion
show a higher rate of mutation at 25-37 % [55]—suggesting that mono-allelic 17p
deletion contributes to the disruption of the remaining allele. The TP53 gene, which
has been mapped to 17pl3, is known to function as a transcriptional regulator
influencing cell cycle arrest, DNA repair, and apoptosis in response to DNA
damage. Loss of 17p is associated with an adverse overall survival [36]. The
deletion is also linked to an aggressive disease phenotype, a greater degree of
extra-medullary disease, and shortened survival [13, 24, 56].

6 Somatic Mutations
The generalization of next-generation sequencing a few years ago has enabled high

throughput whole exome sequencing in several cancers, including MM. The fre-
quency of somatic mutations in MM is at the median across cancer types, with an
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average of 1.6 mutations per Mb, as compare to less than 0.5/Mb in pediatric
cancer, such as rhabdoid tumor or Ewing sarcoma, and about 10/Mb in melanoma
and lung cancer [57]. In 2011, Chapman et al. reported whole genome sequencing
(WGS) of 23 patients and whole exome sequencing (WES) of 16 patients with MM
[48]. By comparing sequences from each tumor to its corresponding normal
germline sample, researchers were able to identify tumor-specific mutations. Sig-
nificantly mutated genes included three that were previously reported as being
implicated in MM: KRAS, NRAS, and TP53 as well as two newly described genes
FAM46C and DIS3.

Several new oncogenic mechanisms were suggested by the pattern of somatic
mutations across this data set. Nearly, half the patients showed mutations of genes
involved in protein translation. One of these is the DIS3 gene, also known as
RRP44, which encodes a highly conserved RNA exonuclease and serves as the
catalytic component of the exosome complex involved in regulating the processing
and abundance of all RNA species [58, 59]. DIS3 mutations, postulated to be loss of
function, cluster in the enzyme’s catalytic pocket and lead to the deregulation of
protein translation as an oncogenic mechanism. Another significantly mutated gene,
FAM46C, is less well characterized but thought to be functionally related to the
regulation of translation.

The same team next reported a massively parallel sequencing of 203 patients
with MM—including the 38 patients previously studied [60]. Beyond the five
significantly mutated genes previously described, Lohr et al. identified another six
significantly mutated genes (BRAF, TRAF3, PRDMI1, CYLD, RBI, and ACTGI).
Overall in this study, 65 % of the patients had mutations in one or more of the 11
recurrently mutated genes.

Similarly to KRAS and NRAS, BRAF is a known oncogene playing a role in
regulating the MAP kinase pathway. Strikingly, mutations in KRAS, NRAS, and
BRAF can be both clonal and subclonal. However, if mutations in these genes
sometimes coexist in the same tumor, they are almost never simultaneously clonal
indicating that they probably rarely occur in the same clone but rather in different
subclones. In contrast, KRAS and DIS3 mutations are reported to be often simul-
taneously clonal and therefore probably co-occurring in the same clone.

TRAF3 and CYLD are part of the NFkB pathway—which is also the case for 9
other mutated genes of significance in this cohort (BTRC, CARDII, IKBKB,
MAP3KI, MAP3K14, RIPK4, TLR4, and TNFRSF1A)—reaffirming the central role
of the NFkB pathway in MM.

Another significantly mutated gene is PRDM1 (also called BLIMPI), a tran-
scription factor involved in plasma cell differentiation. Loss of function mutations
of BLIMP] occurs in diffuse large B cell lymphoma [61, 62]. The oncogene IRF4, a
transcriptional regulator of PRDM1 was also frequently mutated in addition to
mutations seen in PRDM1 itself.

Almost concomitantly, Bolli et al. reported a WES and copy number analysis of
84 MM samples [63]. They identified two new recurrently mutated genes, SP140
and LTB. SP140 is a lymphoid restricted homolog of SP100 that encodes a nuclear
body protein implicated in antigen response of mature B cells, and is truncated in



30 S. Manier et al.

several cases. LTB, a type II membrane protein of the TNF family involved in
lymphoid development, also harbor truncated mutations.

Finally, Boyle et al. reported a WES of 463 patients enrolled in a large UK phase
IIT clinical trial (ASH 2015, abstract #637), bringing the list to 15 significantly
mutated genes, comprising KRAS, NRAS, TP53, FAM46C, DIS3, BRAF,
HISTIHIE, RBI, EGRI, TRAF3, LTB, CYLD, IFR4, MAX, and FGFRS3. Interest-
ingly, mutations in RAS (43 % of the cases) and NFkB (17 % of the cases) are
prognostically neutral. In contrast, mutations in CCNDI and the DNA repair
pathway (TP53, ATM, ATR, and ZFHX4) are associated with a negative impact on
survival in contrast to those in IRF4 and EGRI that are associated with a favorable
overall survival.

The identification of driver mutations in MM holds great promise for person-
alized medicine, whereby patients with particular mutations would be treated with
the appropriate targeted therapy. However, if the mutation is present in only a
fraction of the cells, one might doubt whether such targeted therapy would be
clinically efficacious.

7 Clonal Heterogeneity in Multiple Myeloma

In addition to the genetic complexity in MM, intra-clonal heterogeneity has emerged
as a further level of complexity. Analyzing clonal heterogeneity by WES, Lohr et al.
report that most patients harbor at least three detectable subclones with some having
as many as seven, thus reaffirming that MM tumors are highly heterogeneous. Their
finding that tumors contain on average at least five subclones is even an underes-
timation of the clonal diversity in MM as their method only allowed for the detection
of subclones representing at least 10 % of the entire tumor sample [60].

It has become clear that following disease initiation, the steps necessary for MM
development do not occur through a linear fashion but rather via branching, non-
linear pathways as proposed by Darwin in explaining the evolution of species. This
idea is based on the notion that mutations occur randomly and are selected and
propagated based on the clonal survival advantage that they confer [64, 65].
A phenomenon of parallel evolution whereby independent but not far-related clones
might acquire similar mutations conferring important growth or survival advan-
tages. This is revealed in single-cell level studies showing the same genetic pathway
(RAS/MAPK) altered more than once within the same tumor but in divergent
clones evolving separately [66]. In a series of t(11;14) MM, evidence for the
persistence of the earliest MM progenitor cell clone was found with two cases
characterized by the presence of a subclone carrying t(11;14) as the sole abnor-
mality validating that this translocation is an early event in myeloma pathogenesis
[66]. The clonal diversity is present at all the stages of the disease. Although less
genetically complex than MM, the premalignant stages MGUS and SMM harbor
clonal heterogeneity [67]. By studying sequential samples of SMM and overt MM,
it was shown that the predominant clone of MM is already present at the SMM
stage.
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8 Conclusion

MM is genetically complex and heterogeneous disease, combining primary events,
secondary events and clonal diversity, leading to tumor development and pro-
gression from MGUS to late stages of MM. It is likely that many driver events need
to co-occur for MM development and progression. This genomic complexity is a
challenge toward the cure of MM. In the past few years, a tremendous amount of
information has been revealed by next-generation sequencing of MM tumors. If we
have at present a good comprehension of the genomic landscape in MM at pre-
sentation, the near future should provide some insights regarding premalignant
stages and resistance to treatment.
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Abstract

Multiple myeloma is characterized by clonal proliferation of plasma cells within
the bone marrow resulting in anemia, lytic bone lesions, hypercalcemia, and
renal impairment. Despite advanced in our understanding of this complex
disease in recent years, it is still considered an incurable malignancy. This is, in
part, due to the highly heterogenous genomic and phenotypic nature of the
disease, which is to date incompletely understood. It is clear that a deeper level
of knowledge of the biological events underlying the development of these
diseases is needed to identify new targets and generate effective novel therapies.
MicroRNAs (miRNAs), which are single strand, 20-nucleotide, noncoding
RNA’s, are key regulators of gene expression and have been reported to exert
transcriptional control in multiple myeloma. miRNAs are now recognized to
play a role in many key areas such as cellular proliferation, differentiation,
apoptosis and stress response. Substantial advances have been made in recent
years in terms of our understanding of the biological role of miRNAs in a diverse
range of hematological and solid malignancues, In multiple myeloma these
advances have yielded new information of prognostic and diagnostic relevance
which have helped to shed light on epigenetic regulation in this disease.
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1 Genetic Aberration in Multiple Myeloma

Multiple myeloma (MM) is a cytogenetically heterogenous clonal plasma cell
disorder preceded by an asymptomatic premalignant stage termed monoclonal
gammopathy of undetermined significance “MGUS” [1, 2]. In 2012, 21,700 new
MM cases were diagnosed in the United States, accounting for approximately 10 %
of all hematological malignancies [3]. MGUS is present in approximately 3 % of
the population over 50 years of age, which progresses to MM at a rate of 1 % per
year on average [4, 5]. MM as opposed to MGUS is characterized by greater than
10 % plasma cells in the bone marrow and evidence of end organ damage (renal
failure, anemia, lytic bone lesions and hypercalcemia). Despite major advances in
the last decade in the treatment of MM, it is still considered an incurable disease.
The clinical outcome for patients with MM is considerably heterogeneous and
depends on a complex interplay of several variables including age, performance
status, cytogenetics, and the biological features of the responsible clone.

MM is known to arise from plasma cells, which bear somatic mutations in the
variable regions of the immunoglobulin genes following germinal center transit.
Alone these cells have a low proliferative rate, and it is thought that precursor cells
are responsible for the malignant proliferation of these cells [6]. These abnormal
precursor B-cells likely originate in the lymph nodes and migrate to the bone
marrow where a microenvironment exists to support their terminal differentiation.

In both MM and MGUS there is evidence of significant acquired chromosomal
abnormalities. Two distinct patterns of genetic aberration are recognized, hyper-
diploidy with increased numbers of trisomies, and chromosomal translocations in
non-hyperdiploid patients [5]. These translocations can lead to deregulation of
cyclins and oncogenes, such as FGFR3, MMSET, and MAF. The most frequently
involved loci for IgH translocations are 11ql3 (CCNDI) in 15 %, 4pl6
(FGFR3/MMSET) in 15 %, and 16923 (MAF) in 5 % of cases [7].With progression
from MGUS to MM and progression of the MM itself, secondary hits are seen,
including chromosomal loss (e.g., 1p deletion, 13q deletion, and 17p deletion with
loss of TP53), chromosomal amplification (e.g., 1q), new chromosomal rear-
rangements (e.g., involving MYC) and mutations (e.g., TP53, KRAS, NRAS, and
FGFR3). Knowledge of the genetic events that underlie disease progression in MM
is incomplete.

Nevertheless, specific chromosomal abnormalities, such as 17p deletion and 1q
amplification are associated with particularly poor prognosis and increased inci-
dence of extramedullary disease. Genetics and epigenetics are inherently linked and
in this chapter we will focus on the epigenetics as a mechanism of regulation in this
genomically complex disease. There are three main common epigenetic mecha-
nisms that are thought to play a role in MM; aberrant DNA methylation, histone
modifications, and noncoding RNA (miRNA) expression.
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1.1 DNA Methylation in MM

The methylation of cytosine in the CpG (cytosine-phosphodiester bond-guanine)
dinucleotide is the epigenetic mechanism that is most completely understood. DNA
methylation occurs at cytosine residues on CpG islands, which are specific genomic
regions containing a high frequency of CpG sites [8]. Most CpG islands are located
in the proximal promoter regions of genes and are usually methylated in tumor
cells, mediating gene silencing [9]. DNA methyltransferases (DNMTs) catalyze the
transformation of cytosine to 5-methylcytosine. DNMT’s themselves are regulated
by noncoding RNAs and interplay between these two mechanisms of epigenetic
modification are complex.

Gene promotor site DNA hypermethylation is the predominant mechanism of
epigenetic regulation that serves to silence tumor suppressor genes in a wide variety
of malignancies [10]. Studies in MM have shown variable DNA methylation pat-
terns with identification of focal hypermethylation patterns in in aggressive sub-
types [11]. Like in other malignancies genome wide studies in MM have revealed
genome wide hypomethylation with gene specific promoter hypermethylation [12,
13]. In one study methylation subgroups were defined by translocations and
hyperdiploidy, with t(4;14) myeloma having the greatest impact on DNA methy-
lation [12]. The mechanism of altered methylation in MM is not fully understood, it
is known that expression of DNMT1 is higher in MM plasma cells when compared
to their normal counterparts. The concept of stage specific methylation has been
explored in several studies and overall it is thought that DNA methylation changes
significantly with disease progression [12]. Alterations in methylation may be an
early event in myelomagenesis with abberant methylation in MGUS occurring
primarily in CpG islands, wheras in MM it seems to occur outside of these regions
[13]. Prognostic information arising from the study of epigenetics in MM includes
the finding that DMMT3A has been shown to be aberrantly hypermethylated and
underexpressed in MM where it is associated with an inferior overall survival [13].

1.2 miRNAs and Cancer

MicroRNAs (miRNAs) are a class of small noncoding RNAs that are implicated in
a wide variety of cellular processes, many of which directly contribute to car-
cinogenesis. This includes regulation of key elements related to cell differentiation,
proliferation, apoptosis, and stress response mechanisms. miRNAs are short 20-22
nucleotide RNA molecules that function as negative regulators of gene expression
in eukaryotic organisms. miRNA mediated gene silencing pathways play essential
roles in cell development, differentiation, proliferation, death, chromosome struc-
ture, and virus resistance [14—-16]. The hypothesis that miRNAs may play an
important role in cancer arose from the discovery that these noncoding RNA’s are
frequently present in the regions of the genome where cancer related genes such as
oncogenes (OG) and tumor suppressor genes (TSG’s) are encoded. Further



38 S.V. Glavey et al.

large-scale miRNome analysis of several solid tumors revealed a set of commonly
over expressed miRNAs with predicted targets of TSG’s and OG’s [17].

2 miRNA Synthesis and Function

Most of our current understanding of epigenetic regulation in MGUS and MM
stems from studies that have revealed alterations in miRNA expression in these
conditions. An understanding of miRNA regulation requires knowledge of the
synthesis of these noncoding RNAs, which is outlined here in brief.

The synthesis of miRNA starts with transcription of miRNA genes by RNA
polymerase II, which generates long capped, and polyadenylated primary precursor
(pri-miRNA). Each pri-miRNA is subsequently processed in the nucleus by a
microprocessor complex, which consists of two RNA III endonucleases, Drosha
and Dicer, and the dsRNA-binding protein DGCR8&/Pasha. The resultant precursor
miRNA (pre-miRNA), which is approximately 70-nucleotides in length, is trans-
ported to the cytoplasm by exportin 5. Following this the pre-miRNA is cleaved by
Dicer, which is an RNase III type endonuclease, to a 20-nucleotide miRNA duplex.
The mature miRNA strand of the duplex, along with the Argonaute protein Ago 2,
is further assembled into a ribonucleoprotein complex known as RISC, while the
other strand is typically degraded. The mature miRNA in complex with RISC is
able to recognize its target mRNA’s by scanning cellular mRNA. This is accom-
plished most often via recognition of complementary sequences between the 3’
untranslated region (3’ UTR) of the mRNA and the 5’ end of the miRNA, however,
miRNAs have also been shown to bind to the 5’ UTR and in the coding sequence of
the target mRNA [18]. Typically the result is that the bound mRNA remains
untranslated, or less often, is degraded. In both cases the result is a decreased
expression of the protein encoded by the target mRNA. miRNAs are highly efficient
at gene manipulation as a single miRNA can bind multiple genes and therefore have
a plethora of effects on cell biology.

3 miRNA’s in Blood Cancers

There are many examples of the role of miRNAs as oncogenes in hematological
malignancies—the miR-17-92 cluster, which is transactivated by the c-myc onco-
gene, produces lymphomagenesis in murine models, miR-155 induces leukemia in
transgenic murine models and miR-21, which targets TSG’s like PTENI, is
implicated in a variety of neoplasms including MM [19-22].

miRNAs were definitively implicated for the first time in hematological malig-
nancies when it was discovered that in chronic lymphocytic leukemia (CLL) the
miR-15a/16-1 structure acts as a TSG by targeting the anti-apoptotic gene BCL-2
[23]. miRNAs have also been shown to have diagnostic and prognostic value in
hematological malignancies and therefore miRNA profiling has recently been car-
ried out in plasma cell diseases in order to further elucidate their role [24, 25].
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4 Epigenetic Regulation in MGUS

Primary cytogenetic abnormalities are thought to play a major role in the devel-
opment of MGUS and accumulation of further abnormalities occurs as a driving
force in the progression to MM. The majority of MGUS cases are thought to be
either driven by hyperdiploidy or aberrant translocation events that affect the
immunoglobulin heavy chain (IgH) locus on chromosome 14q32 during class
switching (non-hyperdiploid MGUS). The further progression from MGUS to MM
is thought to occur as a result of a “second-hit” affecting critical cell cycle regulator
genes and OG’s such as RAS, p53, NF-kB and others. Understanding the primary
differences between the normal plasma cell and that of MGUS could reveal early
time point targets that might help prevent the development of the abnormal clone in
at risk populations. Recently, due to knowledge gained about the role of miRNAs in
cancer, studies evaluating changes in expression during the development of MGUS
have been carried out.

A comprehensive study carried out by Pichiorri et al. [26] used miRNA
microarrays and quantitative RT-PCR to characterize the miRNA expression in
MM cell lines and CD138+ bone marrow plasma cells from patients with MM,
MGUS and normal donors, allowing a disease progression profile to be assembled.
Forty-eight miRNAs were found to be significantly deregulated in MGUS com-
pared to healthy CD138+ plasma cells, the majority of these were upregulated, with
only 7 miRNAs found to be downregulated. The most significantly upregulated
miRNAs in MGUS were miR-21, miR-181a, and the oncogenic cluster
miR-106b-25 [27]. Chi et al. compared MGUS patient plasma cells to that of
healthy controls and MM patients and found that the MGUS cells had an miRNA
profile that was more similar to MM than that of a normal plasma cell. Overall 39
miRNAs were deregulated in MGUS cells compared to healthy controls, 28
miRNAs were upregulated and 11 downregulated. Upregulated miRNAs in MGUS
included miR-21, miR222, and miR-342 [28].

5 Epigenetic Regulation in MM

Recent studies have pointed toward modulation of enzymes regulating DNA
methylation or histone modification as target for miRNAs [29, 30]. Acetylation of
histones is a mode of fine control of transcriptional regulation that has been found to
be deregulated in many cancers. Hypoacetylation of histones results in a condensed
chromatin and reduced gene transcription, with the opposite true of hyperacetyla-
tion. The balance is carefully regulated by histone deacetylases (HDAC’s) and
histone acetyltransferases (HAT’s), in cancer and increases in levels of HDAC’s
can lead to enhanced gene transcription. Aberrant DNA hypermethylation has been
proposed to influence the expression of tumor suppressor genes such as SOCS-1
and E-cadherin, in MM cell lines and patients. In the same study hypermethylation
at the CpG island promotor site of cyclin dependent kinase inhibitor 2A (CDKN2A)
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was demonstrated in MM and correlated with a poor prognosis if present at diag-
nosis [31]. Recently it was effectively demonstrated by Amodio et al. that miRNA
manipulation can directly affect the methylation profile of MM cells. In this study
miR-29b was shown to target DNMT3A and DNMT3B in MM cells resulting in the
downregulation of these genes. Furthermore, an in vivo model, miR-29b mimics
produced reduction in tumor growth in an MM xenograft mouse model and
demonstrated an ability to overcome the protective effects of BMSC’s in an in vivo
bone marrow microenvironmental model [32].

Of note, a recent study investigating the effect of methylation on miRNA reg-
ulation demonstrated hypermethylation-dependent inhibition of miR-152, -10b-5p,
and -34c-3p, which exerts a putative tumor suppressive role in MM [11]. Gain of
function studies of these specific miRNAs led to induction of apoptosis and inhi-
bition of proliferation as well as downregulation of putative oncogene targets of
these miRNAs such as DNMT1, E2F3, BTRC, and MYCBP. These findings pro-
vide the rationale for epigenetic therapeutic approaches in subgroups of MM [11].

Therefore, it is apparent that miRNA targeted therapies have a potential appli-
cation in MM and as more knowledge accumulates it is likely this will be case.

6 Epigentic Regulation in MGUS Progression

Although the cytogenetic abnormalities that contribute to the pathogenesis of MM
have been characterized as the result of genomic studies, the sequence of events that
leads to MM development, progression, and ultimately drug resistance is not clear.
One such study by Shaughnessy et al. in 2007 produced a validated gene expression
model of high risk MM which has been useful in identifying key players in this
disease [33]. However, despite these advances and the discovery of “gene signa-
tures” much remains to be explained about the development and progression of MM.
Therefore the mechanisms of regulation of key genes in MM pathogenesis have been
investigated, including the potential role of miRNAs in this process. Efforts to
elucidate the miRNA profile of MM have revealed that there are a number of specific
miRNAs that may be playing a role in MM. When comparing CD138+ cells from
MM patients to healthy controls Pichiorri et al. found 37 miRNAs to be upregulated
along with an equal number of downregulated miRNAs. Similar to MGUS, miR-21
and the cluster miR-106a-92 were also found to be upregulated in MM, however, in
addition, upregulation of miR-32 and the Oncomir-1 cluster miR-17-92 was also
present which could indicate a possible role in the progression from MGUS to MM
[26]. miR-21 was previously implicated in the oncogenic potential of STAT3 in MM
where miR-21 induction by STAT3 represents an important survival stimulus for
MM cells [34].

Roccaro et al. further defined the deregulation of miRNAs in MM while also
elucidating the functional role of specific miRNAs by investigating their target genes
[35]. In this study miRNA expression patterns in MM were profiled in CD138+ cells
from patients with relapsed/refractory MM in comparison to CD138+ cells isolated
from healthy donor bone marrow and MM cell lines. A specific miRNA signature
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characterizing the disease was identified which was kept with previous studies.
Seven miRNAs were found to have specific differential expression patterns between
relapsed/refractory MM patients and healthy subjects. Increases in miRNA-222/-
221/-382/-181a/-181b were demonstrated along with decreased expression of
miRNA-15a and 16. The latter two miRNAs are located on chromosome 13 which
when deleted in MM [(del (13)] is associated with reduced survival [36]. miRNA
15a and 16 have previously been reported to have decreased expression in hema-
tological malignancies [23, 37].

Interestingly, it was also demonstrated that miRNA-15a and 16-1 were com-
pletely absent in MM patients harboring the 13q deletion. Furthermore,
miRNA-15a and 16 regulate the proliferation of MM cells in vitro and in vivo along
with being responsible for changes in cell cycle regulatory proteins resulting in G1
arrest. Reduced BCL2, a known target of miRNA-15a and 16, may induce G1 arrest
in MM cells which is known to be the case in other malignancies. Other predicted
targets of miRNA-15a and 16 found in this study include members of the AKT
serine/threonine kinase family (AKT3) along with ribosomal protein S6 and MAP
kinases. The impact of miRNA-15a and 16 on these signaling cascades was eval-
uated in this study and it was demonstrated altered proliferation of MM induced by
miRNA-15a and 16 was indeed mediated via inhibition of AKT3, ribosomal protein
S6, MAP kinases and NF-Kb activator MAP3KIP3. miRNA-15a and -16 inhibit
MAP3KIP3 in MM cells, which results in negative regulation of NF-kB signaling
via TAK1. As NF-kB activation plays a pivotal role in cell growth and survival,
both in MM and other plasma cell dyscrasias, it follows that reduced expression of
inhibitors of this pathway may have an important biological role in these diseases
[38—41]. Other studies implicating miRNAs in MM disease progression and
prognosis include that by Zhou et al. where whole genome microarray analysis of
CD138+ cells from newly diagnosed MM patients was used to perform an inte-
grative analysis of both miRNA expression profiles and protein coding gene
expression profiles. This revealed global increases in miRNA expression in
high-risk disease [42].

Other predicted targets of the miRNAs which were found to be decreased in MM
include important cell cycle regulators such as RAS, RET, cyclin D1, cyclin D2,
and cyclin E along with pro-angiogenic genes such as bFGF and VEGF. It was
shown in this study that MM cell-triggered endothelial cell growth and proliferation
in vitro was inhibited by miRNA-15a and 16. VEGF plays a crucial role as a
pro-angiogenic cytokine in MM [43], miRNA 15a and 16 are capable of reducing
VEGF secretion from MM cells which is likely one of the mechanisms that con-
tributes to their anti-MM activity. Targeting of VEGF by miRNA-15a and 16 has
also been confirmed in other studies where inhibition of miR-15a and 16 resulted in
reduced angiogenesis in nude mice [44].

Several other studies have confirmed miRNA deregulation in MM and have
yielded important information regarding potential mRNA targets. The miR17-92
cluster plays a role in normal B-cell development and its deficiency leads to
BCL2-like 11 apoptosis facilitator gene (BIM) over expression inhibiting B-cell
development past the pro-B stage [45]. It has been hypothesized that this TSG and
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others are negatively regulated by increased miR-17-92 cluster expression in MM
cells contributing to disease development and progression [27]. Consistent with
these findings a study by Chi et al. also found miR-21 to be upregulated in both
MM and MGUS as were all seven miRNAs encoded by the miR-17-92 cluster [28].
Unno et al. also reported the upregulation of the miR-17-92 cluster along with
miR-106b-25 when comparing MM patient plasma cells and cell lines to healthy
controls. Also noted in the study was the upregulation of miR-193b-365 which was
not previously reported in hematological malignancies [46], however, has been
reported to be upregulated in endometrial and breast cancers [47, 48].

Key regulators of miRNAs have also been found to be altered in MM.
Argonaut-2 (AGO?2), a master regulator of miRNA activity and B-cell differentia-
tion [49, 50], was found to be upregulated in MM and associated with high-risk
disease which supports the hypothesis that miRNA deregulation might be an
important mechanism in MM pathobiology [33]. Depletion of AGO2, which effects
the processing of miRNAs, is associated with apoptosis induction in MM cells
inferring that the miRNAs influenced by this gene may be important players in this
disease. Other miRNA processors that have been implicated in MM biology include
Dicer which is expressed at higher levels in MGUS than in smoldering or full
blown MM. Higher levels of Dicer are associated with improved progression free
survival in MM possibly due to impaired miRNA functions [51]. IL-6 is a potent
growth factor for MM cells [52]. SOCS1 is a negative regulator of IL-6 and is itself
the target of miR-19a/b which leads to its downregulation in MM. Treatment of
MM cell lines with miR-19a/b led to reduced MM tumor burden in mice [26]
Targeting of the STAT3/IL-6 pathway in MM by miR-19a/b was demonstrated in
MM cells [26].

7 miRNAs as Regulators of p53 Activity in MM

As previously mentioned, p53 is a critical TSG in MM and miRNAs that alter the
expression of this gene are likely to serve as important prognostic targets in this and
other neoplasms. miR-106-25 and miR-32 have the common target of PCAF which
is a positive regulator of p53 [53]. Pichiorri et al. postulated that downregulation of
PCAF could lead to inhibition of p53 via its histone acetylate function [27]. Other
miRNAs that may play a role in p53 modulation in MM include miR-192, 194 and
215 which are downregulated in some cases of MM and can be activated by p53 to
then modulate the expression of mouse double minute 2 (MDM2). Overexpression
of MDM2 results in excessive inhibition of p53 with consequent loss of its TSG
function [54]. miRNA 106a/b, miR-20b and mir-17-5 target Cyclin Dependent
Kinase Inhibitor 1A (CDKN1A1) which functions as a regulator of cell cycle
progression at G1. The expression of this gene is tightly controlled by the tumor
suppressor protein p53, through which this protein mediates p53-dependent cell
cycle G1 phase arrest in response to a variety of stress stimuli. Increasing
CDKNI1AI gene expression induced by histone deacetylase inhibitors in MM cell
lines results in apoptosis [55].
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7.1 Histone Modifications in MM

Histones are ubiquitous proteins found in all eukaryotic cells that form the nucle-
osome as octamers. Each histone octamer consists of a pair of H2A, H2B, H3, and
H4, which are tightly conformed around 147 bp of DNA. Positioning of nucleo-
somes is an epigenetic modification in itself that can regulate gene expression. Post
translational modifications of histones occurs via a variety of mechanisms including
deamination, phosphorylation, methylation, ubiquitination, and sumoylation all of
which can alter the interaction of DNA with histones and this regulate gene
expression [56, 57]. As mentioned previously, acetylation and deacetylation are
carried out by histone acetyltransferase (HATs) and histone deacetylases (HDACsS),
respectively. Due to the role of HDACS in regulation of gene expression HDAC
inhibitors have emerged as novel therapeutic agents for cancers, including MM.
Mechanisms of action whereby HDAC inhibitors trigger anti-MM activities have
not yet been fully characterized [58]. Vorinostat and panabinostat are the most
widely studied HDAC inhibitors in MM. Vorinostat directly interacts with the
catalytic site of HDACs and inhibits their enzymatic activity [58]. Inhibition of
HDAC activity by vorinostat results in alteration of gene expression in various
cancer cell lines, including MM [59] and vorinostat is known to induce p53 protein
expression [60]. Panobinostat is a hydroxamic acid and blocks class I and Il HDAC
activity [58]. Panobinostat has recently gained FDA approval for
relapsed/refractory MM in combination with bortezomib and dexamethasone,
indicating that investigation of epigenetic regulation is indeed leading to new tar-
gets in this disease [61].

As mentioned previously, MMSET is a histone modifying enzyme that is known
to be upregulated in all cases of t(4:14) translocated MM, which accounts for 15 %
of all patients. Upregulation of MMSET results in global alterations in histone
methylation patterns and constitutive activation of NF-KB. The NF-KB pathway is
commonly disrupted in MM. Futhermore inhibition of MMSET in vitro results in
reduced proliferation of MM cells [62, 63]. Several studies have shown the rele-
vance of this interaction in MM and are likely to lead to promising targets in the
future.

8 Epigenetic Regulation of Key Genes in MM

The most convincing evidence that miRNAs are indeed playing a critical role in
MM development and progression, comes from studies demonstrating their role as
potent regulators of key MM genes. One of the first studies to implicate deregulated
miRNA expression with known MM prognostic genetic abnormalities was that by
Gutierrez et al. in 2010 [64]. Amongst their findings was the concomitant
expression of higher levels of miR-1 and miR-133a with the t(14;16) translocation
in MM, which is known to be associated with a poor prognosis [64, 65].
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Another important example is the t(4;14) translocation, which leads to overex-
pression of histone methyltransferase MMSET promoting the proliferation of MM
cells via c-myc activation [36]. When found alone in MM patients the t(4;14)
translocation is associated with a significantly reduced survival [66]. miRNA
profiling of t(4;14) translocated MM cells identified miR-126 as being regulated by
MMSET and predicted to target c-myc mRNA leading to translation inhibition and
reduced proliferation [67]. Chi et al. stratified MM patients according to the
common cytogenetic abnormalities in MM and identified specific miRNAs that are
deregulated in each group. Comparison of MM cases harboring the IgH translo-
cation to those that did not identified a number of deregulated miRNAs including
upregulation of miR-590, 886, and 33b [28].

Correlation of miRNA deregulation to chromosomal locations known to be
deregulated in MM was also studied by Lionetti et al. [68] and revealed that 16
deregulated miRNAs in MM mapped to chromosomal regions that are known to be
altered in MM and implicated in disease pathobiology. This includes miR-22 at the
critical location of 17p13.3. Deletion of 17p has been shown to negatively impact
event-free and overall survival in MM and is critical target in MM [69]. Other
deregulated miRNA’s mapping to disease relevant locations included miR-106b and
miR-25 at 17q22.1, miR-15a at 13q14.3, miR-21 at 17g23.1 and miR-92b at 1q22,
all of which are regions that are found to be altered in MM patients.

Other interesting observations involve intronic miRNAs. Intronic miRNAs are
usually orientated in the same direction as the pre-miRNA, which provides an
opportunity to study their regulation alongside that of their host genes as they can
expect to have coordinate expression and may be under the control of the same
regulatory mechanisms. In MM such intronic miRNAs are deregulated in correla-
tion with that of their host genes (miR-335-MEST, miR-342-3p-EVL) and puta-
tively may play a role in plasma cell homing to the bone marrow given their
predicted targets of genes responsible for actin polymerization and microtubule
formation [70].

9 Epigenetic Regulation of the Bone Marrow Niche in MM

The bone marrow microenvironment in MM provides a supportive niche for MM
cells, with growth and survival mediated through adhesion to BMSC’s and
cytokine-mediated mechanisms [71]. The complex interaction between BMSC’s
and MM cells has been a major focus of study in an attempt to gain a better
understanding of this pro-survival relationship, which is pivotal in MM and a
diversity of other neoplasias. In this supportive milieu growth, survival and drug
resistance of MM cells is promoted in part through NF-kB, PI3 K/AKT and
STAT-3 signaling [72]. The possible contribution of miRNAs to this pro-survival
environment was investigated by Roccaro et al. Following pre-miRNA 15-a and
16-1 infection in MMIS cells, significant inhibition of adhesion to BMSC’s and
reduced migration to SDF-1 was demonstrated in vitro, while in vivo disruption of
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adhesion of MM cells to bone marrow niche was apparent resulting in reduced
tumor burden in mice.

10 Conclusion

Epigentic regulation governs key genetic abberations in MGUS and MM and can be
linked prognostically to disease progression. This gives epigenetics a strong footing
in this disease as a reference point for target identification in the search for novel
therapies in this currently incurable disease and indeed this is reflected in current
literature [73].
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Abstract

Multiple myeloma (MM) mainly progresses in bone marrow (BM). Therefore,
signals from the BM microenvironment are thought to play a critical role in
maintaining plasma cell growth, migration, and survival. Reciprocal positive and
negative interactions between plasma cells and microenvironmental cells,
including endothelial cells (ECs) and fibroblasts may occur. The BM neovas-
cularization is a constant hallmark of MM, and goes hand in hand with
progression to leukemic phase. Microenvironmental factors induce MMECSs and
fibroblasts to become functionally different from monoclonal gammopathy of
undetermined significance (MGUS) ECs (MGECs), i.e., to acquire an overan-
giogenic phenotype, and be similar to transformed cells. These alterations play
an important role in MM progression and may represent new molecular markers
for prognostic stratification of patients and prediction of response to antiangio-

genic drugs, as well as new potential therapeutic targets.
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1 Tumor Microenvironment

Tumor microenvironment plays an important role in the initiation and progression
of tumors [2]. Individuals affected by chronic inflammatory pathologies have
increased risk of cancer development [1], and, accordingly, treatment with nons-
teroidal antiinflammatory drugs reduces the incidence of several cancer [23].

The bone marrow (BM) is a primary lymphoid organ involved in B lymphocyte
production as well as T cell precursor generation. In hematological malignancies,
the BM represents the paradigmatic anatomical site in which tumor microenvi-
ronment expresses its morphofunctional features. The BM microenvironment
includes hematopoietic stem cells (HSCs) and nonhematopoietic cells. HSCs give
rise to all the blood cell types of the myeloid and lymphoid lineages [26]. The
nonhematopoietic cells include endothelial cells, pericytes, fibroblasts, osteoblasts,
osteoclasts, macrophages, mast cells, and mesenchymal stem cells (MSCs) [24]. All
these cells constitute specialized niches, closed to the endosteum, named osteoblast
or endosteal niche, or to the BM vasculature, named vascular niche [65].

Inflammatory cells in tumor microenvironment communicate via a complex
network of intercellular signaling pathways, mediated by surface adhesion mole-
cules, cytokines, and their receptors [46]. Immune cells cooperate and synergize
with microenvironmental cells as well as malignant cells in stimulating tumor
angiogenesis which is an important mechanism for tumor development and meta-
static spread since it provides efficient vascular supply and easy pathway to escape.

Among inflammatory cells found in tumor microenvironment, tumor-associated
macrophages and mast cells support tumor growth and neovascularization by
production and secretion of a wide variety of angiogenic cytokines, including tumor
necrosis factor alpha (TNF-o), transforming growth factor beta 1 (TGF-B1),
fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF),
platelet-derived growth factor (PDGF), interleukin-8 (IL-8), osteopontin, and nerve
growth factor (NGF). On the contrary, macrophage- and mast cell-produced
cytokines that may participate in antitumor response include interleukin (IL)-1,
IL-2, IL-4, IL-10, and interferon gamma (IFN-vy) [44].

2 Angiogenesis in Multiple Myeloma
Under physiological conditions, angiogenesis depends on the balance of positive

and negative angiogenic modulators within the vascular microenvironment. Tumor
angiogenesis is linked to a switch in this balance, and mainly depends on the release
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by tumor cells of growth factors specific for endothelial cells and able to stimulate
the growth of the host’s blood vessels [45]. Numerous clinical studies have shown
that the degree of angiogenesis or the levels of angiogenic factors are correlated
with the extent of disease stage, prognosis, or response to therapy, suggesting that
angiogenesis induction in solid and hematological tumors has a pathophysiologic
relevance for disease progression.

Angiogenesis is a constant hallmark of multiple myeloma (MM) progression and
has prognostic potential [54]. It is induced by plasma cells via angiogenic factors
with the transition from monoclonal gammopathy of undetermined significance
(MGUS) to MM, and probably with loss of angiostatic activity on the part of MGUS
[30]. MGUS and nonactive MM (MM in complete or objective response) are the
“avascular phase” of plasma cell tumors, while the active MM (MM at diagnosis, at
relapse or in resistant phase) is the “vascular phase” which is associated with clonal
expansion and the angiogenic switch [45]. The pathophysiology of MM-induced
angiogenesis is complex and involves both direct production of angiogenic
cytokines by plasma cells and their induction within the microenvironment.

BM stromal cells (BMSCs) increase the concentration of angiogenic factors and
matrix degrading enzymes in the microenvironment by direct secretion or by stimu-
lation of MM plasma cells or ECs through paracrine interactions [48, 46]. BMSCs,
osteoclasts, osteoblasts, and ECs secrete several factors, including VEGF, FGF-2,
TNF-a, IL-6, B-cell activating factor, stromal cell-derived factor-1o (SDF-1a, also
known as CXCL12), and various Notch family members, which are further upregu-
lated by the plasma cell adhesion to extracellular matrix proteins and/or BMSCs.
Moreover, BMSCs and other cells supporting the plasma cell survival in the BM
constitute potential therapeutic targets [48, 46]. Finally, circulating ECs and
endothelial precursor cells (EPCs) contribute to the neovascularization, and the
presence of EPCs suggests that vasculogenesis may also contribute to the full MM
vascular tree [54].

3 Multiple Myeloma Endothelial Cells (MMECs)

Vacca et al. [56] for the first time isolated MMECs from BM of patients with active
MM and compared them with human umbilical vein ECs (HUVECs). MMECs
showed high expression of typical endothelial cell markers, including Tie2, vas-
cular endothelial growth factor receptor-2 (VEGFR-2), FGF receptor-2 (FGFR-2),
CD105-endoglin, vascular endothelial (VE)-cadherin, secretion of matrix
metalloproteinases-2 and -9 (MMP-2 and MMP-9), and upregulation of angiogenic
genes, including VEGF, FGF-2, Gro-o. chemokine, TGFf, hypoxia inducible factor
1 alpha (HIF-1a), ETS-1, and osteopontin. Moreover, MMECs expressed CD133, a
marker of ECPs. MMECs showed intrinsic angiogenic ability in vitro and in vivo,
they were ultrastructurally abnormal and metabolically activated.

Pellegrino et al. [36] demonstrated that MMECs secrete high amounts of the
CXC chemokines CXCLS8/IL-8, CXCLI11/interferon-inducible T cell alpha
chemoattractant (I-TAC), CXCL12/SDF-1a, and CCL2/monocyte chemotactic
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protein (MCP)-1 than HUVECs. Also, paired plasma cells and several MM cell
lines expressed cognate receptors of each chemokine to a variable extent, sug-
gesting that MMECs are able to recruit the plasma cells into the BM.

Hematopoietic stem and progenitor cells (HSPCs) of MM patients differentiate
into cells with EC phenotype, losing CD133 expression and acquiring VEGFR-2,
factor VIlI-related antigen (FVIII-RA), and vascular endothelial (VE)-cadherin
[42]. Platelet-derived growth factor (PDGF)-BB/PDGF receptor beta (PDGFRJ)
promoted the transcription of MMEC-proangiogenic factors, such as VEGEF,
FGF-2, and IL-8 [7]. Moreover, a prolonged exposure of MMECs to dasatinib, a
PDGFRp/SrcTK inhibitor, prevented the expression of endogenous VEGF, and
reduced the levels of secreted VEGF in the conditioned medium of MMEC:s.

Vacca et al. [56] demonstrated by means of a 96-gene cDNA array that MMECs
[71 overexpressed angiogenesis-related genes, including FGF-2, VEGF-A,
VEGF-C, thrombospondin-1 (TSP-1), fibronectin, osteopontin. Moreover,
COL6A1 and COL6A3 (collagen isotypes), responsible for cell anchorage to the
extracellular matrix, were downregulated in MMECSs, which may account for their
increased migratory activity. Vacca et al. [55] confirmed by means of DNA
microarray and RT-PCR analysis the induction of VEGF, FGF-2, hepatocyte
growth factor (HGF), insulin-like growth factor-1 (IGF-1), and insulin-like growth
factor binding protein-3 (IGFBP-3) in active MMECs, nonactive MMECs, and
MGUS ECs (MGECs) over HUVECs, and showed that exposure to thalidomide
produced a significant downregulation of all these genes.

Ria et al. [43] showed that, among 36 genes, 8 genes were differentially
expressed at high stringency in MMECs versus MGECs: the isoform 7 of the FGF,
the VEGF isoforms VEGF-A and VEGF-C, fibronectin and TSP-2 were upregu-
lated whereas the endothelial differentiating factor 1, CD105, and CD31 were
downregulated in MMECs [43]. Moreover, the deregulated genes were involved in
extracellular matrix formation and bone remodeling, cell adhesion, chemotaxis,
angiogenesis, resistance to apoptosis, and cell cycle regulation. Validation was
focused on BNIP3, IER3, SEPW1 CRYAB, SERPINF1, and SRPX genes, which
were not previously found to be functionally correlated to the overangiogenic
phenotype of MMECs. BNPI3 which belongs to the Bcl-2 family and is induced by
HIF1-a [32], behaves as an antiapoptotic gene in MMECs, because BNIP3-small
interfering (si)-RNA ECs increased apoptosis and decreased growth [43]. IER3,
which acts as an antiapoptotic and a stress-inducible gene [66], is overexpressed in
MM plasma cells [59] and si-RNA-silenced IER3 expression reduced cell prolif-
eration and induced apoptosis in MMECs [43]. SERPINI, a serine protease inhi-
bitor of angiogenesis [20] through Fas/Fas ligand-mediated apoptosis [58], is
downregulated in MMECs [43]. SEPW1, a gene with antioxidant function [27], is
upregulated in MMECs, and si-RNA-silenced expression of this gene inhibited
MMECs adhesion and angiogenic activity [43]. Finally, DIRAS3, which negatively
regulates cell growth and is associated with disease progression in breast and ovary
carcinoma [61], is downregulated in MMECs [43].
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Berardi et al. [4] found that filamin A (FLNA), vimentin (VIM), a-crystallin B
(CRYAB), and 14-3-3f/d protein (YWHAZ) were constantly overexpressed in
MMECs versus MGECs and HUVECs, and enhanced by VEGF, FGF-2, HGF, and
MM plasma cell conditioned medium.

Ferrucci et al. [13] demonstrated that MMECs expressed more HGF, cMET, and
activated cMET (phospho [p]-cMET) at both mRNA and protein levels versus
MGECs and healthy (control) ECs. MMECs maintained the HGF/cMET pathway
activation in absence of external stimulation, while treatment with anti-HGF and
anti-cMET neutralizing antibodies was able to inhibit the cMET activation.
Moreover, the cMET pathway regulated several MMECs activities including
chemotaxis, locomotion, adhesion, spreading, and angiogenesis. Its inhibition by
SU11274 impaired these activities in a synergistic fashion when combined with
bortezomib or lenalidomide, both in vitro and in vivo.

4 MM Associated Fibroblasts

In solid tumors, fibroblasts are referred as cancer-associated fibroblasts (CAFs) or
tumor-associated fibroblasts (TAFs), and parallel higher malignancy grade, tumor
progression, and poor prognosis [14, 21, 35, 51]. CAFs activation is accompanied
by the acquisition or upregulation of the proangiogenic markers desmin-1, FGF-2,
alpha smooth actin (a-SMA), VEGF, HGF, IL-6, IL-8, FGF-2, and angiopoietin-1
Ang-1 [5, 6, 41]. CAFs express MMP-1 and MMP-3 [24]. BM is a site that
significantly contributes to CAFs generation [63]. In particular, cancer-derived
soluble factors recruit BM-derived MSCs to tumor sites, where the latter cells
acquire the expression of CAFs-specific markers such as o-SMA, fibroblast acti-
vation protein (FAP), tenascin-C, and TSP-1 [22, 53].

Primary BM fibroblasts have been isolated from MM patients and these cells
presented multiple features of CAFs and promoted tumor growth [15]. CAFs
expressing FSP1, aSMA, and FAP were identified in BM samples of patients with
MM or MGUS [2] CAFs expressing FSP1, aSMA, and FAP in BM samples of
patients with MM or MGUS. The highest proportions of CAFs were found in active
MM patients. The CAFs population was heterogeneous since expressed cell
markers are restricted to ECs, HSPCs, and MSCs, which implies their multiple cell
derivation. Moreover, Frassanito et al. [15] demonstrated that MM plasma cells
activate fibroblasts and recruit them via secretion of TGF-. CAFs transformed the
BM stroma by producing collagen and fibronectin, and by secreting TGF-3, HGF,
IGF1, IL-1, IL-6 and SDF1a [21]. TGF- and conditioned media from MM plasma
cells and active MM CAFs converted patients” MMECs and HSPCs into CAFs-like
cells. Finally, using the in vivo xenograft MM 5T33 mouse model, animals coin-
jected with active MM CAFs and MM cells showed faster tumor growth than those
injected with MM cells alone, and inhibition of the SDF1a/CXCR4 axis affects the
MM cell migration, adhesion, and proliferation indicating that MM CAFs recruit
CXCR4* MM cells via SDF1a secretion [15].



56 D. Ribatti and A. Vacca

5 Therapeutic Applications

VEGEF and its receptors are expressed predominantly by clonal plasma cells in MM,
and by both ECs and fibroblasts in the BM microenvironment. VEGFR complexes
may be a specific target on tumor endothelium for antibodies in vivo. Target-
ing VEGF or its receptors with monoclonal antibodies (such as bevacizumab/
Avastin) or small molecule inhibitors of VEGFR tyrosine kinase has confirmed the
anticancer activity of these agents. However, the results of MM patients treated with
bevacizumab have been disappointing [52].

In MM treatment, thalidomide, lenalidomide, and bortezomib have changed
clinical practice for both the newly presenting and the relapsed patients. Thalido-
mide inhibits angiogenesis in MM through inhibition of secretion of VEGF and
IL-6 [12, 47, 55]. In addition to its antiangiogenic activity, thalidomide enhances T
cell- and NK cell-mediated immunological responses, induces caspase-8 mediated
apoptosis, and downregulates IL-6 production within the BM microenvironment in
MM [8, 31].

Subsequently to thalidomide, a series of more potent immunomodulatory drugs
(IMiDs) and lenalidomide are part of standard therapy regimens for patients with
relapsed or refractory MM, as well as for patients with newly diagnosed MM.
Lenalidomide reduces the expression of VEGF and FGF-2, exerts in vivo (CAM
assay) a relevant antiangiogenic effect, whereas in vitro it inhibits MMECs pro-
liferation and migration [29]. Moreover, MMECs treated with lenalidomide show
changes in VEGF/VEGFR-2 signaling pathway and in several proteins controlling
the MMECs motility, cytoskeleton remodeling, as well as energy metabolism
pathways [29]. Lenalidomide inhibits VEGF-induced PI3K-Akt pathway signaling
and HIF-1o expression [28], exerts an anti-TNF-a activity, modulates the immune
response stimulating T cells and NK cells activities, induces apoptosis of tumor
cells, and decreases the binding of MM cells to BM stromal cells [11, 16, 19, 31].
A retrospective analysis of clinical trials, with previously treated relapsed/refractory
MM, demonstrated an improved response rate and increased median for patients
treated with lenalidomide and dexamethasone, compared to those treated only with
dexamethasone [9, 60, 62]. In a phase 2 study, lenalidomide/bortezomib/
dexamethasone gave responses in 84 % of relapsed/refractory patients, including
complete response or near complete response in 21 % [10], and produced responses
in 98-100 % of newly diagnosed patients [3].

Bortezomib induces EC apoptosis [64], and inhibits VEGF, IL-6, Ang-1 and
Ang-2 and IGF-1 secretion in BM stromal cells and ECs derived from MM patients
[18, 49]. The use of bortezomib in pretransplant induction therapy revealed a higher
response rate, compared to other induction regimens [39]. Bortezomib and zole-
dronic acid inhibit macrophage proliferation, adhesion, migration, and expression
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of angiogenic cytokines and angiogenesis on Matrigel in MM patients. Moreover,
VEGFR-2 and ERK1/2 phosphoactivation as well as NF-kB are also inhibited [34].

New small molecules with antiangiogenic properties are available, including
pazopanib (GW 7866034), a multitargeted receptor tyrosine kinase inhibitor of
VEGFRs, PDGFRs, and cKit, which exerts antiangiogenic activities on MMECs
[37]. A phase II clinical trial of 21 refractory/relapsed MM patients showed no
clinical responses [38]. The efficacy of vatalanib (PKT787/ZK222584), another
VEGFRs inhibitor, has been tested in posttransplant maintenance therapy in MM
patients without any significant decrease of microvascular density in BM biopsy
and clinical benefit [57]. In a phase II clinical trial of vandetanib (ZD6474), a small
tyrosine kinase inhibitor of VEGFRs and epidermal growth factor receptor (EGFR),
no responses were found in 18 patients with relapsed MM [25]. SU5416, a small
tyrosine kinase inhibitor of VEGFR-2, was tested in 27 patients with refractory
MM, and no objective responses were observed [67]. Sorafenib targeting
VEGFR-2, VEGFR-3, RAF, PBGFR-J, Flt-3, and c-Kit has shown in a preclinical
study a significant anti-MM activity and synergistic activity with common anti-MM
drugs [40].

The administration of inhibitors of osteoclasts activity, including bisphospho-
nates, not only prevents the MM-induced bone destruction, but also exerts an
antiangiogenic activity. Therapeutic doses of zoledronic acid markedly inhibit
in vitro proliferation, chemotaxis and angiogenesis of MMECs, and in vivo
angiogenesis in the CAM assay [50]. These data suggest that the zoledronic acid
antitumoral activity in MM is also sustained by antiangiogenesis, which would
partly account for its therapeutic efficacy in MM [17, 33].

A very common side effect of antiangiogenic therapy is hypertension, which is
associated with nitric oxide changes, pruning of normal vessels, as well as effects
on renal salt homeostastis. Toxic peripheral neuropathy represents a dose-limiting
debilitating side effect of the treatment of MM with thalidomide, bortezomib, and
lenalidomide.

Although the introduction of antiangiogenic agents into clinical practice repre-
sented a milestone in cancer therapy (Table 1), their use alone either in early or
refractory/progressive disease was disappointing due to the development of dif-
ferent mechanisms of resistance (Table 2). Moreover, survival benefits in patients
with advanced tumors treated with antiangiogenic agents even combined with
conventional chemotherapy was modest, because their activity was transient.

Both thalidomide and bortezomib showed response rates of 30-40 % when used
as monotherapy in relapsed patients. However, when combined with steroids or
alkylating agents, the response rates doubles.

Further, studies to increase our understanding of tumor angiogenesis and the
development of resistance are required.
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Table 1 FDA-approved
angiogenesis inhibitors

Table 2 Mechanisms of

D. Ribatti and A. Vacca

Monoclonal antibodies
Bevacizumab

Cetuximab

Panitumumab
Small-molecule tyrosine kinase inhibitors
Sunitinib

Sorafenib

Erlotinib

Imatinib

Gefitinib

Pazopanib

Lapatinib

Other antiangiogenic agents
Thalidomide

TNP-470

Endostatin

Rapamycin

Upregulation of alternative proangiogenic signaling pathways

resistance

Recruitment of vascular progenitor cells and proangiogenic
monocytes from the bone marrow

Increased pericyte coverage

Increased capabilities for invasion and metastasis
Hypovascularity

Mutational alterations of genes within endothelial cells
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Abstract

Unprecedented advances in multiple myeloma (MM) therapy during the last
15 years are predominantly based on our increasing understanding of the
pathophysiologic role of the bone marrow (BM) microenvironment. Indeed, new
treatment paradigms, which incorporate thalidomide, immunomodulatory drugs
(IMiDs), and proteasome inhibitors, target the tumor cell as well as its BM
microenvironment. Ongoing translational research aims to understand in more
detail how disordered BM-niche functions contribute to MM pathogenesis and to
identify additional derived targeting agents. One of the most exciting advances
in the field of MM treatment is the emergence of immune therapies including
elotuzumab, daratumumab, the immune checkpoint inhibitors, Bispecific T-cell
engagers (BiTes), and Chimeric antigen receptor (CAR)-T cells. This chapter
will review our knowledge on the pathophysiology of the BM microenvironment
and discuss derived novel agents that hold promise to further improve outcome
in MM.
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1 Introduction

The bone marrow (BM) environment consists of a cellular compartment with
hematopoietic and nonhematopoietic cells and an extracellular compartment within
a liquid milieu organized in a complex architecture of sub-microenvironments
(“niches”) within the protective coat of the vascularized and innervated bone. The
cellular BM compartment is composed of hematopoietic cells including
hematopoietic and mesenchymal stem cells (HSCs, MSCs); hematopoietic and
mesenchymal progenitor and precursor cells; mesenchymal stroma cells;
BM-derived circulating endothelial precursors (EPCs); immune cells (B lympho-
cytes, T lymphocytes, natural killer (NK) cells, cytotoxic T lymphocytes (CTLs),
macrophages, monocytes, NKT cells, myeloid and plasmacytoid dendritic cells
(mDCs, pDCs), regulatory T cells (Tregs), myeloid derived suppressor cells
(MDSCs)); erythrocytes; megakaryocytes and platelets; and nonhematopoietic cells
including adipocytes; endothelial progenitor cells (EPCs); endothelial cells (ECs);
BM mesenchymal stroma cells (BM-MSCs); adipocytes; as well as cells involved
in bone homeostasis including chondroclasts, osteoclasts (OCs), and osteoblasts
(OBs). The extracellular compartment is composed of the extracellular matrix
(ECM), an interlocking mesh of fibrous proteins and glycosaminoglycans. The
liquid milieu contains a multitude of growth factors and cytokines; as well as
matrix metalloproteinases. Moreover, the healthy BM, considered to be physio-
logically hypoxic [1, 2], contains a heterogeneous oxygen distribution. Low oxygen
tension is present in the “endosteal” niche, which is located near trabecular bone,
and high oxygen tension is present in the central “vascular” niche, which is asso-
ciated with the sinusoidal endothelium and represents the anatomic barrier between
the “hematopoietic” compartment within the BM and the peripheral circulation [3,
4]. Under physiologic conditions these components are highly organized and finely
tuned by cell—cell and cell-matrix interactions within the liquid milieu to regulate
the homing of mature cells to selective sites within the BM; to support normal
hematopoiesis; and to mobilize blood and other cells into the blood stream.
Moreover, the BM microenvironment exerts forces to keep occult tumors, which
are present also in healthy individuals, check in [5].

In multiple myeloma (MM), this homeostasis is disrupted. Indeed, the develop-
ment of MM is a complex multistep process not only involving early and late genetic
changes in the tumor cells, but also selective supportive conditions of the BM and its
niches. Outstanding questions concern the cellular complexity of the niche, the role
of the endosteum and functional heterogeneity among perivascular microenviron-
ments [6]. Ongoing studies aim to understand how disordered niche functions
contribute to MM pathogenesis. It is suggested that nonactive MM and MGUS in
which the tumor growth is arrested are “avascular phases” of plasma cell tumors
located within the “endosteal niche.” In contrast, active MM is the “vascular phase”
of plasma cell tumors located within the “vascular niche,” which is associated with
clonal expansion and epigenetic modifications of the microenvironment as well as
the “angiogenic switch.” These findings correlate with disease progression and poor
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prognosis. Indeed, it was only the identification that the MM BM microenvironment,
and BMSCs and ECs in particular, play a supportive role in MM pathogenesis that
led to the clinical development of thalidomide, proteasome inhibitors, and the
immunomodulatory drugs (IMiDs). Cell surface receptors, which mediate MM cell—
stroma cell and MM cell-ECM binding include integrins, cadherins, selectins,
syndecans, and the immunoglobulin superfamily of cell adhesion molecules
including syndecan-1 (CD138), H-CAM (CD44), VLA-4 (CD49d/CD29), ICAM-1
(CD54), N-CAM (CD56), LFA-3 (CDS58), avp3, CD56, CD74, HM1.24, VLA-5
(CD49¢/CD29), VLA-6, and CD51 [7]; as well as the cell surface glycoprotein CD2
subset-1 (CS-1), a member of the immunoglobulin gene superfamily [8]. Signaling
cascades activated by cytokines, growth factors and/or adhesion of MM cells to BM
stroma cells and the ECM include the Ras/Raf/MEK/MAPK pathway, the phos-
phoinositide 3-kinase (PI3K)/Akt pathway, the Janus-activated kinase (JAK)/Stat3
pathway, the NF-kB pathway, the Notch-, and the Wnt pathway. Importantly, the
complexity of signaling cascades is further enhanced by their co-simulation.

In addition to direct effects on MM cells, alterations within the BM induce
immune suppression, lytic bone lesions, and enhance BM angiogenesis. Specifically,
in MM the development of an effective anti-MM immune response is inhibited via
induction of dysfunctional T regulatory cells; ineffective antigen presentation; and
production of excessive proinflammatory cytokines. In turn, immune cells including
pDCs and macrophages are able to trigger tumor cell proliferation, survival, and
drug resistance. The usefulness of immunotherapies in MM patients has first been
supported by the identification of the graft-versus-myeloma effect in the context of
allogeneic BM transplantation. Moreover, the introduction of thalidomide and its
derivatives, the IMiDs, as well as (immuno) proteasome inhibitors into MM thera-
pies has radically improved patients’ outcome. Ongoing research focuses on
developing antibody- and peptide-based strategies (e.g., against CS-1 and CD38), as
well as on targeting Btk, and immune checkpoints to enhance immune cell activity
against MM cells. Bispecific T-cell engagers (BiTes) and Chimeric antigen receptor
(CAR)-T cells represent yet another novel approach of immunotherapy in MM.
Furthermore, up to 80 % of MM patients at diagnosis present with osteolytic lesions.
Functionally, MM cells interfere with physiologic bone remodeling by releasing OC
promoting cytokines as well as by inhibition of BM-MSC differentiation into OBs.
In turn, MM-induced bone modifications support tumor growth and confer
chemoresistance [9]. Indeed, bisphosphonates not only prevent skeletal-related
events (SREs), but also inhibit MM activity. Additional approaches to treat
MM-associated bone disease are ongoing.

Based on our increasing understanding of the pathophysiologic facets of the
MM BM microenvironment and its interrelation with the MM cell, several novel
agents have been identified. Novel biologically based treatment regimens not only
target MM cells alone but also MM cell-stroma cell interactions and the liguid BM
milieu. However, despite significant therapeutic advances during the last 15 years,
MM remains as an incurable disease. Therefore, there is still an urgent need for
more efficacious and tolerable drugs. Here, we will summarize current knowledge
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on the functional role of the cellular and extracellular compartments, as well as of
hypoxia in MM pathogenesis and present derived novel microenvironment-
targeting therapeutic approaches.

2 The Cellular Compartment
2.1 Accessory Cells

Normal BM cells are progressively replaced by clonal plasma cells in patients with
MGUS, SMM, and MM [10]. Whether they contribute to MM pathogenesis by
mediating transformation from premalignant monoclonal gammopathies to MM is
still not entirely understood. Recent studies indicate a progressive increase in the
incidence of copy number abnormalities (CNA) and chromosomal gains as well as a
strong association between genetic lesions and fragile sites from MGUS to SMM
and to MM [11]. In support of these findings, the MGUS disease stage is genetically
less complex than MM, and high-risk smoldering MM (HR-SMM) is similar to
MM [12]. Taken together, clonal progression seems to be a key feature in the
transformation of HR-SMM to MM, and depends on accumulating changes in the
BM microenvironment. Whether invasive subclones are amenable to therapeutic
interventions that may prevent permissive changes in the microenvironment is
currently under investigation.

Accessory BM cells, BM-MSCs, ECs, immune cells (e.g., pDCs), OCs, and OBs
in particular, support MM cell proliferation, survival, migration, and drug resistance
directly via cell-cell binding and indirectly via secretion of growth factors and
cytokines. To critically understand the pathological basis of the interaction between
MM cells and BM stromal cells, it is important to first define and understand the
origin and differentiation of accessory BM cells. However to date, the development
of accessory cells is still poorly understood, and their phenotypic and genotypic
characteristics remain disputable [13]. Pathological conditions such as MM tumor
growth in the BM significantly change the composition of the BM stroma com-
partment by acting on stroma cell progenitors/stroma cells and by modulating their
functional and differentiating status [13]. This is in line with some evidences
indicating that BM-MSCs derived from MM patients are inherently abnormal at
genomic/transcriptional/functional [14] levels and remain abnormal after ex vivo
isolation and MM cell removal [15]. Moreover, MM-induced changes in the cel-
lular compartment are accompanied by changes in the noncellular compartment
including the composition of the ECM [16, 17], and by changes in the liquid milieu
[18], which in turn act on stroma cell differentiation thus creating a complex and
self-sustaining vicious cycle. Ultimately, these changes lead to the creation of a BM
niche more prone to support MM cell rather than hematopoietic stem cell growth
[19]. Consequently, MM progression results in defective function of the
hematopoietic cell compartment, with clinical consequences including anemia, and
immune dysfunction development in MM patients [19]. BM-MSCs are the acces-
sory BM cells predominantly utilized to study the pathophysiological relevance of
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interactions and cross talks with MM cells both in in vitro and in vivo MM models.
BM-MSC:s strongly adhere to MM cells via binding to surface molecules [13, 20].
They thereby promote MM cell proliferation, survival, and drug resistance via
activation of several signaling pathways [20-22]. For example, the interaction
between MM cells and BM-MSCs triggers NF-kB-dependent production and
secretion of interleukin-6 (IL-6) in BM-MSCs [23]. In turn, IL-6 enhances the
production and secretion of VEGF by MM cells [24, 25]. VEGF secretion then
activates ECs and EPCs, which increase BM angiogenesis and thereby promote
MM cell proliferation [26, 27]. Moreover, BM-MSCs suppress bortezomib-induced
MM cell growth inhibition via cell-cell contact [28] and NF-kB-dependent IL-8
secretion [29]. Importantly, ex vivo isolated BM-MSCs have the capacity for
mesoderm-like cell differentiation into osteogenic, chondrogenic, myogenic, and
adipogenic lineages both in vitro and in vivo [30]. This finding is of particular
interest because it suggests that MM cells may induce differentiation of BM-MSCs
toward specific, terminally differentiated cell types that additionally support MM
cell growth by direct binding. For example, MM cells induce differentiation of
BM-MSCs toward the adipocyte lineage, which sustains MM growth at the
expenses of osteoblastic lineage differentiation, which instead limits MM growth
[31]. Moreover, it is likely that accumulating genetic changes in tumor cells, e.g.,
those that define high-risk disease, influence their interrelation with the cellular and
noncellular BM microenvironment. For example, MM cells with a t(14;16)
translocation overexpress c-Maf, and thereby induce B7-integrin upregulation and
enhancement of MM cell adhesion to BM-MSCs, strongly indicating a therapeutic
role for targeting c-Maf and f7-integrin in MM [32]. Although suggested by some
authors, the existence of MM-specific abnormal BMSCs is still controversial. For
example, Zdzisinska et al. show increased production of MMP-1, MMP-2, and
TIMP-2 in BMSCs of MM patients versus healthy controls [18]. Importantly,
accumulating evidence indicates that the BM microenvironment not only plays a
supportive role in MM cell growth, survival, and drug resistance but may also act as
a conduit of epigenetic information leading to behavioral changes in the tumor
clone. For example, Cancer-Associated Fibroblasts (CAFs) comprise a heteroge-
neous population that resides within the BM microenvironment. They actively
foster chemotaxis, adhesion, proliferation, and apoptosis resistance in MM cells
through production of cytokines and chemokines, and the release of proinflam-
matory and proangiogenic factors, thereby creating a more supportive microenvi-
ronment [33, 34]. Moreover, Roccaro et al. recently demonstrated that BM-MSCs
transfer exosomes, small nanometer-sized (50-100 nm) vesicles of endocytic ori-
gin, into MM cells. Exosomes contain microRNAs (miRs) as well as oncogenic
proteins, cytokines, and protein kinases; they may therefore act as active vesicles
responsible for molding the microenvironment surrounding MM cells, and thereby
leading to MM growth, dissemination, and subsequent disease progression [35],
dependent on heparanase activity [36].

Compared to healthy human umbilical vein EC (HUVEC), MM-associated ECs
(MMECs) secrete higher amounts of the CXC chemokines (e.g., IL-8, SDF-1aq,
MCP-1), which act in a paracrine manner to mediate plasma cell proliferation and
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chemotaxis. In turn, MM cells and stromal cells prolong survival of ECs both by
increased secretion of EC survival factors, such as VEGF, and by decreased
secretion of anti-angiogenetic factors [37, 38]. Yet another facet to the complex
multistep model of MM pathogenesis was added by studies, which indicated that
MMEC:s (similar to ECs found in B-cell lymphomas) resemble transformed tumor
cells. Specifically, MMECs were found to harbor 13q14 deletion, and genomic
clonotypic IgH VDIJ gene arrangements. In addition, they produced growth and
invasive factors for MM cells including VEGF, FGF-2, MMP-2 as well as MMP-9
[39—41]. Four different mechanisms could explain this finding: (1) tumor cells as
well as MMECs are derived from a common malignant precursor cell; (2) the EC
carrying genetic alterations of the MM cell has arisen from a cell that was already
committed to the myeloid lineage; (3) MM cell-EC fusion has occurred; or
(4) apoptotic bodies from tumor cells have been taken up by ECs.

Moreover, by utilizing a niche-based screening technique, Chattopadhyay et al.
identified BRD9876, an unusual ATP noncompetitive kinesin-5 (Eg5) inhibitor,
which showed improved selectivity over hematopoietic progenitors [42].

Accumulating data also suggest the existence of a Hedgehog (Hh)-dependent
MM cell subclone, the MM stem cell (MMSC), which has self-renewing capacities
and is relatively chemoresistant [43—45]. It is hypothesized that MMSCs arise from
aberrant signaling of the microenvironment (e.g., triggered by hypoxia, inflam-
mation, and angiogenesis), which not only provides survival signals to MMSCs but
also contributes to metastasis by induction of Epithelial-Mesenchymal Transition
(EMT) [46]. Similar to HSCs, MMSCs may be maintained in an immature quies-
cent state in the endosteal niche, while the more oxygenated vascular niche pro-
motes their maturation and proliferation, and facilitates their egress from the BM
[47-49]. However, the phenotype of MM stem cells remains controversial, with
respect to the expression of syndecan-1 (CD138) and CD20 in particular [50, 51].
Most recent data demonstrate that elevated expression of Bruton-Tyrosin kinase
(BTK) in MM cells leads to AKT/WNT/B-catenin-dependent upregulation of key
stemness genes (OCT4, SOX2, NANOG, and MYC) and enhanced self-renewal.
Consequently, enforced transgenic expression of BTK in MM cells increases fea-
tures of cancer stemness, including clonogenicity and resistance to widely used
anti-MM drugs, whereas inducible knockdown of BTK abolished them [52]. Based
on these data, clinical trials testing the small-drug Btk inhibitor ibrutinib alone or in
combination with carfilzomib are ongoing (https://clinicaltrials.gov). In addition,
also the Hh inhibitors cyclopamine and vismodegib are under clinical investigation
[45, 53]. Moreover, current efforts aim to develop compounds that specifically
modify the stem cell niche in order to block MM stem cell engraftment while still
enabling HSC development.

MSCs, which differentiate in a context-specific manner into muscle, bone, fat,
and other cell types, represent another potential therapeutic target in MM.
BM-MSC:s isolated from MM patients, as compared with normal MSCs, produce
high levels of IL-6, DKKI1, as well as factors associated with angiogenesis and
osteogenic differentiation [15]. Moreover, they have decreased ability to inhibit
T-cell proliferation [54]. Bortezomib induces MSCs to preferentially undergo OB
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differentiation in mice, in part by modulation of the bone-specifying transcription
factor Runt-related transcription factor 2. Mice implanted with MSCs showed
increased ectopic ossicle and bone formation after treatment with bortezomib.
Bortezomib treatment increased bone formation and rescued bone loss in a mouse
model of osteoporosis [55]. These results are consistent with the therapeutic ben-
efits of bortezomib on MM bone disease [56].

Ongoing efforts aim to further enhance our understanding on the functional role
of accessory stroma cells and their role in the formation of BM niches in MM, in
order to develop improved targeted therapies.

2.2 The Immune Cell Microenvironment

An important step in tumor progression is the evasion and suppression of the host

immune system [57, 58]. In the normal microenvironment the effector cells, mainly
the natural killer (NK) cells and cytotoxic T lymphocytes (CTLs), are capable of
driving potent antitumor responses. However, tumor cells often induce an
immunosuppressive microenvironment in order to protect themselves from the host
immune system. Like solid tumors, MM cells are capable of modifying the bone
marrow (BM) microenvironment, which is rich of immune cell populations, in a
suitable way for their own survival [59]. The two major immunosuppressive
mechanisms in cancer are (1) expansion of regulatory immune cells (such as
MDSCs and Tregs) and (2) activation of inhibitory T-cell pathways (especially
Programmed cell Death-1 (PD-1)/PD-Ligand 1 (PD-L1) pathway).

Myeloid Derived Suppressor Cells (MDSCs) MDSCs are heterogeneous,
immature, MPCs that differentiate into macrophages, granulocytes, or DCs under
normal conditions. However, under pathological conditions such as cancer, dif-
ferentiation of immature myeloid cells is inhibited resulting in accumulation of
MDSCs [60]. In cancer patients and tumor models, MDSCs accumulate in the
tumor microenvironment due to release of soluble factors by tumor cells or cells in
the microenvironment [61, 62]. MDSCs can suppress T-cell proliferation through
expression of immune suppressive factors such as arginase, reactive oxygen species
(ROS), and nitric oxide (NO). In addition, MDSCs can induce the development of
Tregs in vivo, which are anergic and suppressive [63]. Previous reports showed that
cancer patients with higher MDSC levels have shorter survival compared to patients
with lower MDSC levels [64, 65]. Depletion of MDSCs in tumor-bearing mice
using anti-Gr-1 antibody [66, 67] or MDSC-specific peptides [68] suggest that
MDSCs can be a good target of antitumor treatment. Two main subsets of MDSCs
have been described, granulocytic MDSC (G-MDSC) or polymorphonuclear
(PMN)-MDSCs and monocytic MDSC (Mo-MDSC). G-MDSCs have
granulocyte-like morphology with increased levels of ROS and low levels of NO,
whereas Mo-MDSCs have monocyte-like morphology with increased levels of NO,
but low levels of ROS. Human G-MDSCs and Mo-MDSCs are usually defined as
CD11b* CD33" HLA-DR "°“CD14~ and CD11b* CD33* HLA-DR°* CD14",
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respectively. In tumor-bearing mice, G-MDSCs are the main MDSC subsets to be
expanded in peripheral lymphoid organs [69].

Previous reports have shown an increase in the number of MDSCs in the
peripheral blood (PB) [70, 71] and BM [72] of MM patients compared to healthy
donors. A recent report showed that increased frequency of Mo-MDSCs is asso-
ciated with tumor progression and therapeutic response to bortezomib-based
treatment in MM patients [73]. Similarly, the analysis of 5T2 and 5T33 murine MM
model showed that the percentage of Ly6G'Y MDSC (Mo-MDSC) within the
CD11b" population was increased in the BM of tumor-bearing mice compared to
control [74]. In addition, these CD11b™E"Ly6G' cells (Mo-MDSCs) were more
suppressive than the CD11b"€"Ly6G"€" population (G-MDSCs). However, other
reports show a significant increase in G-MDSCs in the BM [72] or PB [75] of MM
patients. Further research is required to understand the differences and functions of
MM-associated G-MDSCs and Mo-MDSCs.

MDSCs induce MM growth by suppressing T-cell-mediated immune responses,
while MM cells induce the development of MDSCs from healthy donor PB
mononuclear cells, confirming a bidirectional interaction between MDSCs and MM
cells and immune effector cells [71]. Moreover, purified MDSCs from MM patients
induce more Tregs than MDSCs from age-matched controls [75], leading to a more
suppressive immune environment. Interestingly, MDSCs from mice injected with
5TGM1 murine MM cells display a significantly higher potential to differentiate
into mature and functional OCs than MDSCs from nontumor controls. This finding
indicates that tumor-induced MDSCs exacerbate cancer-associated bone destruction
by directly serving as OC precursors [76].

Given that novel agents such as the IMiD lenalidomide and the proteasome
inhibitor bortezomib target both MM cells and the BM microenvironment [20], the
anti-MDSC activity of these drugs was studied. However, neither bortezomib nor
lenalidomide were able to alter the suppressive activity of MDSCs [71]. This
finding indicates that other strategies are needed to target MDSCs in the MM
microenvironment. For example, phosphodiesterase-5 (PDES) inhibitors reduced
the suppressive machinery of tumor recruited MDSCs through downregulation of
arginase 1 and NO synthase-2 expression in murine tumor models [66, 77, 78].
Noonan et al. recently reported that PDES inhibitor, tadalafil, reduced MDSC
function in a relapsed/refractory MM patient [79]. Indeed, the strategy to target
MDSCs in MM with PDES inhibitors may represent a novel approach that aug-
ments the efficacy of tumor-directed therapies.

Regulatory T Cells (Tregs) Tregs are a subset of CD4* T lymphocytes charac-
terized by the expression of transcription factor FOXP3 [80]. Tregs suppress the
function of antigen-presenting cells (APCs) and effector T cells by direct contact or
by release of anti-inflammatory cytokines (IL-10 and TGF-beta). These cells
accumulate in the tumor microenvironment and the peripheral blood of patients
with cancer [81, 82]. The increased frequency of Tregs has been generally con-
sidered as a marker of poor prognosis due to Treg-mediated suppression of anti-
tumor immunity [83, 84]. It has been shown using the diphtheria toxin inducible
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“depletion of regulatory T cell” (DEREG) mice [85] that Treg depletion induces
regression of solid tumors and lymphomas, which was associated with an increased
intratumoral accumulation of activated CD8" cytotoxic T cells [86, 87]. These data
indicate that targeting Tregs in cancer represents a potential antitumor strategy.

Many groups have reported an increase of functional Tregs in MM patient’s PB
compared to healthy donors [70, 88-91]. In addition, MM patients with higher
percentage of Tregs in the PB were shown to have shorter time to progression
(TTP) (37) and shorter overall survival (OS) (36). A positive association of Treg
frequency with international staging system (ISS) and paraprotein level was also
reported [89]. Analysis of the 5T2 and 5T33 murine MM model showed that the
increased numbers of functional Tregs in the myeloma-bearing mice was due to the
increased Treg development in the thymus [92], leading to MM progression. Beyer
et al. showed that Tregs from MM patients express increased levels of IL-10 and
TGF-beta compared to healthy controls, indicating a higher suppressive function of
MM patients derived Tregs [88]. However, there are some conflicting results
showing decreased frequency and function of myeloma associated Tregs [93, 94].
These differences may be explained by different gating strategies of Tregs (CD4*
FOXP3*, CD4* CD25" FOXP3*, CD4* CD25" CDI127 ) and heterogeneous
patient populations.

Tregs, in general, can be induced from naive CD4* T cells in the presence of
several cytokines, such as TGF-beta [95, 96], secreted in the microenvironment.
However, there are few reports showing the mechanism of Treg induction by MM
cells. Feyler et al. showed in an in vitro experimental model that MM cells can
directly induce Tregs in an APC-independent manner mediated, at least in part,
through MM expression of ICOS-L [97]. Frassanito et al. also reported that Treg
induction by MM cells are mainly contact dependent and MM cells act as immature
APCs [98]. Recent reports have shown the involvement of the PD-1/PD-L1 path-
way in Treg induction, identifying this pathway as an attractive therapeutic target
for controlling Treg cell plasticity [99, 100]. Since, MM cells express PD-L1 sig-
nificantly higher than normal plasma cells [101, 102], the association of Treg
induction by PD-L1 on MM cells should be further investigated.

Low-dose cyclophosphamide (CYC) has been shown to reduce the numbers and
function of Tregs, and to induce antitumor, immune-mediated effects [103, 104]. In
a MM mouse model, low-dose CYC showed a transient depletion of Tregs resulting
in reduced occurrence of MM and improved survival rate [105]. The IMiDs
lenalidomide and pomalidomide are reported to inhibit expansion and function of
Tregs by decreasing FOXP3 mRNA expression [106]. However, contradictory
results have been reported showing that newly diagnosed MM patients treated with
IMiDs have increased number of Tregs [94, 107]. For more specific and effectve
targeting of Tregs, it is nction are controlled at the molecular level.

Dendritic Cells (DCs) Dendritic cells (DCs) are BM-derived professional APCs
which present self and nonself antigens to T cells, and promote immunity or toler-
ance [108]. Antigen presentation by DCs induces naive T cells to differentiate into
effector and memory T cells, but it can also lead to different forms of T-cell
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tolerance, depending on the functional status of the DCs. mDCs and pDCs are the
two major DC subsets that have been identified based on their origin, phenotype, and
function [109]. Human mDCs are usually defined as Lin H-
LADR*CD11¢*CD123%™ cells, while pDCs are Lin CD1lc CD4*CD45RA*
CDI123"ILT3". Several studies have documented an increase of DCs in human
tumor sites, which often correlated with adverse prognosis [110-112]. Indeed, loss
of immune function of tumor-infiltrating DCs has been linked to the suppressive
effects of the tumor microenvironment mediated by various cytokines [113]. Recent
findings have demonstrated that tumor-infiltrating pDCs from solid tumors express
high levels of ICOS-L, which explains their ability to induce Tregs [114, 115]. It was
also shown that TGF-beta secreted by DCs from breast cancer patients was partially
associated with induction of Tregs [116]. Similar findings of induction of Tregs by
DCs were observed in MM patients [117].

DCs play an important role in normal plasma cell differentiation and survival
[118, 119]. However, the frequency and function of DCs in MM patients compared
to healthy individuals is still controversial [120, 121]. Chauhan et al. showed that
pDCs are increased in MM patient’s BM compared to healthy controls and pDCs
confer growth, survival, chemotaxis, and drug resistance against MM cells [122].
Targeting Toll-like receptors (TLRs) with CpG oligodeoxynucleotides both restore
pDC immune function and abrogates pDC-induced MM cell growth. TLR-9 agonist
inhibited pDC-induced MM cell growth through interferon secretion and activation
of TLR9/MyD88 signaling axis [123]. Kukreja et al. reported that DCs enhanced
clonogenic growth of MM cell lines and primary tumor cells from MM patients
[124]. This effect was inhibited by blockade of the RANK-RANK ligand and
BAFF-APRIL-mediated interactions. Recently, Ray et al. showed that PD-L1 is
highly expressed on pDCs and MM cells, implicating a two-pronged suppression of
PD1-expressing T cell and NK cell immune function, and blockade of PD-L1/PD1
pathway generated robust MM-specific CD8" CTL activity, as well as enhances
NK cell-mediated MM cell cytolytic activity [125]. These data suggest that MM—
DC interactions may directly impact the biology of MM and may be a target for
therapeutic intervention.

Macrophages Cells of the monocyte—macrophage lineage are an important com-
ponent of the leukocyte infiltration in tumors, where they are able to promote tumor
progression, tumor cell invasion, and metastasis [126].

Physical interaction between macrophages and MM cells activate signaling
pathways that protect MM cells from apoptosis induced by drug treatment [127].
Interactions between P-selectin glycoprotein ligand 1 (PSGL-1) and intercellular
adhesion molecule-1 (ICAM-1) on MM cells and E/P selectins and CD18 on
macrophages, respectively, allow macrophages to protect MM cells from
drug-induced apoptosis [128]. Macrophages are also able to protect MM cells from
apoptosis through noncontact mediated mechanisms [129].

Human myeloma-associated monocytes/macrophages (MAM), but not MM
cells, are the predominant source of interleukin-1b (IL-1b), IL-10, and tumor
necrosis factor (TNF)-alpha, whereas IL-6 originates from both BM-MSCs and
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macrophages in line with previous results [130]. In this latter study, TPL2
(Cot/MAP3KS) pathway was found to ultimately activate MM-associated macro-
phages, and it may represent a new therapeutic target in MM, specifically acting on
BM microenviroment and not on MM cells [130].

Tumor-associated macrophages are also a rich source of potent proangiogenic
cytokines and growth factors, such as VEGF, interleukin-8 and FGF-2 and express
a broad array of angiogenesis modulating enzymes, including matrix metallopro-
teinases, cycloxygenase-2, and colony-stimulating factor-1 (CSF-1) [131]; they
may have a crucial role in promoting MM-associated neovessel formation and
angiogenesis and represent targets for development of new anti-angiogenic drugs in
MM.

Natural Killer Cells (NK Cells) NK cells represent a heterogeneous lymphocyte
population with cytotoxic antitumor capacity and multiple immunoregulatory
properties. One of the NK cell activating receptors is Natural Killer Group 2D
(NKG2D), which recognizes various proteins expressed on the surface of target
cells in response to several forms of cellular stress. MHC class I polypeptide-related
sequence A (MICA) is one of the ligands for NKG2D. Target tumor cells ectopi-
cally expressing MICA are efficiently killed via NKG2D despite the expression of
MHC class I molecules [132].

NK cells in MM patients are increased in the PB [133, 134] and BM [135, 136]
compared to healthy individuals. However, the expansion of NK cells in MM
patients is not associated with their activation. Importantly, NKG2D expression on
the surface of NK cells isolated from MM patients is decreased [137, 138], which
may lead to the escape of MM from immunosurveillance. Indeed, elevated levels of
soluble MICA in the circulation of MM patients may trigger downregulation of
NKG2D and impaired lymphocyte cytotoxicity [137]. The functional defect of NK
cells in MM patients can also be explained by the expression of PD-1 on NK cells
of MM patients [139]. Engagement of PD-1 with their ligand PD-L1, which is
expressed on MM cells, can downmodulate the NK cell versus MM effect.

In MM, the therapeutic efficacy of IMiDs is known to originate, at least in part,
from the activation of NK cells. IMiDs are able to stimulate T cells to produce
IFN-y and IL-2 leading to NK cell activation [140, 141]. Lenalidomide upregulates
CD16, CD40L, and LFA1 on NK cells, thereby facilitating antibody-dependent cell
cytotoxicity (ADCC) against MM cells [142]. Salvage therapy with lenalidomide
after allogenic stem cell transplantation for MM leads to an increase of activated
NKp44* NK cells [143]. Also the proteasome inhibitor bortezomib has been shown
to promote NK cell activation by increasing the levels of MICA on the surface of
MM cells [137]. These results show that, at least in part, the efficacy of novel
anti-MM agents is associated with NK cell activation.

The Immune Checkpoint Pathway PD-1 is a type I transmembrane protein which
belongs to the CD28 family [144]. PD-1 is expressed on activated and exhausted T
and B cells and has two ligands PD-L1 and PD-L2. PD-L1 is not expressed on
normal epithelial tissues but it is aberrantly expressed on a variety of solid tumors
[145], while PD-L2 is more broadly expressed on normal healthy tissues. Binding
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of PD-L1 to PD-1 reduces cytokine production and activation of the target T cells,
leading to an immunosuppressive microenvironment.

Importantly PD-L1 is only expressed on primary MM cells but not on normal
plasma cells [101, 102]. In vitro analysis has shown that cytokines [101] and
BM-MSCs [102] increase PD-L1 expression on MM cells, indicating that the BM
microenvironment plays a role in the activation of the PD-1/PD-L1 pathway. It has
been demonstrated that PD-1 expression is upregulated on T cells [146] and NK
cells [139] isolated from patients with MM compared to healthy donors, likely
leading to an inhibition of antitumor immunity through the expression of PD-L1.

Clinical trials targeting PD-1/PD-L1 pathway to overcome tumor-associated
immune suppression have shown unprecedented results in a variety of heavily
pretreated patients with solid tumors, melanoma, and lung cancer in particular.
Most recently, significant activity of nivolumab as well as pembrolizumab, PD-1
blocking antibodies, has also been observed in hematologic malignancies. Specif-
ically, substantial therapeutic activity and an acceptable safety profile were
observed in patients with previously heavily pretreated relapsed/refractory Hodg-
kin’s lymphoma [147]. Moreover, the efficacy of inhibiting the PD-1/PD-LI
pathway has also been demonstrated in preclinical studies of MM. Rosenblatt et al.
[146] showed that pidilizumab/CT-011, an anti-PD1 antibody, enhanced activated
T-cell responses after DC/tumor fusion stimulation in MM. Furthermore, Hallet
et al. [148] showed that PD-L1 blockade combined with stem cell transplant and
whole-cell vaccination increased the survival of myeloma bearing mice. Kearl et al.
[149] showed that PD-L1 antibody improves survival of murine MM when com-
bined with whole body irradiation. Similarly, Jing et al. demonstrated synergistic or
additive increases of survival in a 5T33 murine MM model upon combining low
dose of whole body irradiation and combinations of blocking antibodies to PD-L1
LAG-3, TIM-3, CD48 and CTLA4 [150].

Considering the elevation of PD-1 and its ligand in the MM microenvironment,
inhibition of the PD-1/PD-L1 pathway has the potential to substantially change
microenvironment-targeted therapy in MM. However, in contrast to solid tumors,
monotherapy with immune checkpoint inhibitors in MM is not sufficient. Further
research is therefore required to investigate their therapeutic potential when com-
bined with other novel agents or a series of immune checkpoint inhibitors.

Bispecific Antibodies and Bispecific T- Cell Engagers (BiTEs) Bispecific anti-
bodies are two monoclonal antibodies incorporated into a single molecular species.
One of the effective formats is the bispecific T-cell engagers (BiTEs), in which a
tumor-reactive single-chain variable antibody fragment (scFv) is translated in tan-
dem with a second scFv that binds CD3 [151]. BiTEs promote the formation of
immunologic synapses and mediate serial triggering of tumor cell cytotoxicity. In
hematological malignancies, blinatumomab, which simultaneously engages CD3
and the pan B-cell antigen CD19, showed clinical efficacy in refractory B-ALL at
an early clinical trial [152]. In MM, several bispecific antibodies and BiTEs have
been tested in preclinical models. Von Strandmann et al. developed a bispecific
protein targeting CD138 on MM cells and the NKG2D receptor on NK cells, which
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had potent antitumor activity against human MM in vivo [153]. Rossi et al.
reported that IFN-alpha2b immunocytokine targeting CD20 and HLA-DR was
effective to human MM cell line KMS-12BM, which is CD20" HLA-DR™ [154].
Recently, Zou et al. successfully developed a ScFv combination of anti-CD3 ScFv
and anti-CD138 ScFv with the hIgG1 Fc (hlgFc) sequence, which is able to target T
cells, NK cells, and MM cell lines (RPMI-8226 or U266) [155]. The antibodies
showed potent antitumor activity both in vitro and in vivo. In summary, BiTEs have
the potential to increase the efficacy of preclinically used monoclonal antibodies in
MM treatment (i.e., CD38, CD138, and CS1). Additional antibody combinations
should be considered for more efficient treatment response of BiTEs in MM.

Chimeric Antigen Receptor Modified T Cells (CAR-T Cells) Chimeric antigen
receptors (CARs) are recombinant receptors that can target native cell surface
molecules. First-generation CARs comprise an antigen recognition domain from the
single-chain variable fragments (scFv) of a monoclonal antibody, and an intracel-
lular T-cell signaling domain (usually CD3{), whereas second- and third-generation
CARs additionally incorporate one or two costimulatory domains (such as CD28,
4-1BB and ICOS), respectively [156]. Unlike T-cell receptors (TCRs), CARs engage
molecules that do not require peptide processing or HLA expression to be recog-
nized. Adoptive transfer of CAR modified T cells (CAR-T cells) is a promising
anticancer therapeutic, which induces immune responses against tumor-associated
antigens. The most investigated target for CAR-T cell therapies in hematological
malignancies is CD19 for B-cell malignancies. For instance, Davila et al. reported
the first large cohort of B-ALL patients in a phase I trial treated with CD19-targeted
CAR-T cells with an 88 % overall complete response rate [157]. Multiple preclinical
studies for CARs have been done in MM, targeting different surface molecules.
Similar to the case of monoclonal antibodies used in clinical trials, CD38 [158] and
CS1 [159] have been studied as potential target antigens for CAR-T cell therapy in
MM. Additionally, CAR-T therapy targeting CD138 has entered into a phase I/II
clinical trial in China (NCT01886976). Other potential targets in MM have also been
identified such as BCMA [160], Lewis Y antigen [161] and CD44v6 [162]. How-
ever, multiple factors such as CAR design, off target effects, and disease burden still
require consideration when adapting the therapy to individuals.

2.3 Focus on MM Bone Disease

The balance between bone resorption and new bone formation is fundamental for
preserving the functional integrity of bone tissue throughout the adult life [163].
This balance is lost in most of MM cases, resulting in bone destruction and the
development of osteolytic lesions, which represent paradigmatic features of MM
[164]. Overall data suggest that bone degradation is an early event in MM; patients
diagnosed with MGUS few months to one year before development of MM have an
increased bone degradation compared with MGUS patients who did not progress to
MM [165].
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OCs are the cells responsible for bone resorption; they originate from
hematopoietic precursors and are part of the monocyte—macrophage cell lineage
[166]. OBs are responsible for the formation of new bone following OC-mediated
bone resorption. OBs originate from Runx2- and wingless type (Wnt)-dependent
differentiation of MSCs [166]. Overall it is now clear whether MM cells are able to
both increase the bone resorption by stimulating OCs, and to reduce bone formation
by inhibiting OBs or MSC-to-OB differentiation [167]. There are several factors
that have been implicated in activation and proliferation of OCs, including receptor
activator of NF-kB ligand (RANKL), stromal-derived factor 1-alpha (SDF-1 alpha),
vascular endothelial growth factor (VEGF), macrophage colony-stimulating factor
(M-CSF), macrophage inflammatory protein-1a (MIP-1a), interleukin-3 (IL-3) and
IL-6 [168]. RANKL is a member of the tumor necrosis factor (TNF) family and
plays a pivotal role in the increased osteoclastogenesis implicated in MM bone
disease [169]. RANK is a transmembrane receptor expressed by OCs, which binds
to RANKL expressed by both MM cells and BMSCs within the BM; activation of
RANK receptor by its interaction with RANKL leads to differentiation of OC
precursors, and activation, inhibition of apoptosis, and proliferation of mature OCs
via NF-kB and JunN-terminal kinase pathways [170]. On the other hand, osteo-
protegerin (OPG) is a soluble receptor, secreted by OBs and BM-MSCs, that exerts
the exact opposite biological activity to RANKL; in fact, OPG is able to antagonize
RANKL by direct binding [171].

Tightly regulated under physiological conditions, the equilibrium between
RANKL and OPG expression in patients with MM is markedly disrupted, with an
increase in the expression of RANKL and a decrease in OPG expression, leading to
increased bone resorption [172]. Conversely, blockade of RANKL with a soluble
form of RANK inhibits not only bone loss but also decreases tumor burden in MM
in vivo models [173, 174]. Bone-targeting strategies based on the use of the potent
bisphosphonate zoledronic acid have demonstrated the ability to significantly
increase survival of MM patients in a phase III clinical trial [175]. Consequently,
research on new therapeutic tools able to prevent and halt progression of MM bone
disease is now becoming critical. Denosumab is a humanized antibody with high
affinity for RANKL, mimicking the activity of OPG; it has been tested in phase II
and phase III clinical trials showing activity as an antiresorptive agent in MM
patients [176]. In a phase III trial MM patients were randomized to treatment with
either the gold standard treatment zoledronic acid or denosumab. Denosumab was
found to be equivalent to zoledronic acid in delaying time to first on-study
skeletal-related event with a subanalysis demonstrating an increase in survival in
MM denosumab treated patients [177]. Besides MM cell migration and differen-
tiation, the SDF-1 alpha/CXCR4 complex plays an important role in OC activity
and bone resorption [178]. Indeed, anti-CXCR4 antibodies have demonstrated
therapeutic activity in preclinical MM models indicating a direct effect on OCs
[179, 180]. In addition to its implication in BM angiogenesis [181], VEGF has
been also associated with the promotion of OC-mediated MM bone resorption [182,
183]. VEGEF therefore represents a promising therapeutic target in MM. Clinical
trials using VEGF and VEGFR inhibitors are ongoing. MIP-1a, a chemokine
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produced by MM cells, promotes proliferation and differentiation of OCs and
thereby bone resorption [168]. Increased serum levels of MIP-1a in MM patients
correlate with the severity of bone destruction [184]. Additional liquid factors
known to stimulate OCs and thereby contribute to MM bone disease include
M-CSF, IL-6, TNF-a, IL-3, and IL-11 [167, 185]. Finally, direct as well as indirect
interactions between MM cells and OCs increase viability of MM cells and OC
proliferation and activation [186, 187]. Similarly, OBs contribute to MM patho-
genesis by supporting MM cell growth, proliferation and survival [188]. Moreover,
reduced recruitment of OBs into the bone causes reduced mineral deposition [168,
189]. For example, MM-OB cocultures stimulate IL-6 production and secretion by
MM cells thereby triggering autocrine MM cell proliferation [188]. Moreover, OBs
secrete OPG, which in turn blocks TRAIL-mediated MM cell apoptosis [190].
Several liquid factors are responsible for suppression of osteoblast activity in MM
[191]. DKK1, a Wnt signaling antagonist secreted by MM cells inhibits osteoblast
differentiation. Indeed, in patients with MM bone disease DKK1 blood and BM
serum levels are increased [192]. Therefore, we and others hypothesized that
blocking DKKI1 or activating Wnt signaling pathway prevents MM bone disease
and reduces tumor burden [193]. The anti-DKKI1 human antibody BHQS880
increases OBs differentiation, the number of OBs and trabecular thickness in
murine MM models [194]. Clinical trials with BHQ880 and other DKK1 inhibitors
are currently ongoing in MM and smoldering MM patients [195] (https:/
clinicaltrials.gov). Sclerostin, sFRP-2, and sFRP-3, which are expressed by MM
cells, are other inhibitors of Wnt signaling that have been implicated in MM bone
disease. They may therefore represent additional therapeutic targets for MM bone
disease [191]. Moreover, TGF-B, which is secreted by bone matrix during
OC-mediated bone destruction, inhibits OB differentiation [196]. Inhibition of
TGEF-p signaling pathways results in the reversion of the inhibitory action of MM
cells on OB differentiation [197]. Thus TGF- may be implicated in sustaining
progression of MM disease via promotion of bone remodeling. Interestingly, IL-3
inhibits differentiation of primary BM-MSCs into OBs [198]; and IL-3 levels in the
BM serum of MM patients are increased compared to healthy individuals [199].
Importantly, IL-3 also promotes activation of OCs [199]. Finally, hepatocyte
growth factor (HGF) is another factor expressed by MM cells, which inhibits
osteoblastogenesis [200]. Implicated also in MM BM angiogenesis [201], and MM
cell proliferation [202] HGF may therefore represent a promising therapeutic target.

Taken together, these studies show the complexity of the pathogenesis of MM
bone disease, and indicate new therapeutic approaches that may be used in the near
future to implement currently available bisphosphonate based therapy for the pre-
vention and treatment of bone destruction in MM patients.

2.4 Bone Marrow Adipose Tissues

The set of accepted MM risk factors includes increasing age, male gender, black
race, positive family history, and the MGUS predisposing condition [203]. Several
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studies have now identified obesity as an additional risk factor associated with MM
development and aggressiveness [204-206]. Similarly, an increased risk of MM
development is associated with type 2 diabetes (T2D) [207, 208], a condition
closely linked to obesity. MGUS incidence seems higher in obese people, sup-
porting the hypothesis that myelomagenesis is linked with obesity [209]. The cir-
culating levels of adiponectin are negatively correlated with obesity and it exists an
inverse relationship between circulating adipokines and risk of MM development
[210]; in this context adiponectin may play an important role in obesity-related
myelomagenesis [210]. Obesity may also have a role as a prognostic factor in MM.
Although a significant shorter OS has been linked to obese MM patients, the
relationship between BMI and MM prognosis is more complex [211]. The effects of
systemic obesity and T2D on hematopoiesis are currently under intense investi-
gation [212]. Overall, data shows that obesity impairs immunity both in humans
and mice by deregulating BM hematopoiesis. Many studies in mice have demon-
strated an effect of adiposity on reducing lymphocyte populations and increasing
numbers of myeloid progenitors [212]. Interestingly, diet-induced obesity
(DIO) induced significant trabecular bone loss probably due to OB dysfuntion and
B-cell depletion in mice suggesting that obesity affects the BM hematopoietic niche
[213]; accordingly, increase in BM adiposity slows haematopoietic recovery fol-
lowing high dose chemotherapy in mice and possibly in humans [214]. DIO
induces BM lymphoid depletion, thymic adiposity and defective T-cell production
that may explain immune deregulation; DIO impairs the function and maintenance
of memory T cells, Treg cells, and it inhibits cytotoxic T cells as well as NK activity
[212]. Taken together these changes induced by obesity on hematopoiesis could
partially explain evidences linking obesity to MM. In addition, adipocytes accu-
mulating in BM may also directly promote MM cell growth; thus it is important to
investigate putative BM adipocytes—MM cell interactions in the MM BM
microenvironment. BM adipocytes are derived from stroma cell progenitor differ-
entiation and their number progressively increases with advancing age, resulting in
adipocytic deposits occupying up to 70 % of the BM cavity in elderly persons
[215]. Considering that MM is typically a disease of the elderly people and that its
incidence increases with age [203], a positive association between obesity and MM
development is likely. To test this hypothesis, Caers et al. [216] assessed the effects
of both an adipocyte cell line and primary adipocytes on MM cells. The authors
found that adipocytes positively promote MM growth, survival and migration. Of
note, these effects were partially mediated by leptin, which is secreted by adipocytes
and acts via binding to the leptin receptor, which is expressed on MM cell line and
primary cells. Importantly, during MM progression, the invasion of MM cells into
the BM stroma is progressively accompanied by a decrease in BM adipocytes. The
importance of adipocytes may therefore be mainly restricted to the initial disease
stages before a remodeling of the BM microenvironment occurs, the MGUS and
SMM transition to active MM in particular [216]. In line with these observations a
recent study by Lwin et al. [217] showed that 5-week high-fat diet was not able to
further promote MM growth in the myeloma-permissive KaLwRij mice after tail
vein injection of syngenic 5TGM1 MM cells. Importantly, DIO created a
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permissive environment for MM in nonpermissive C57B16 mice enabling the
engraftment with STGM1 cells. Taken together, obesity may create a permissive
environment promoting development of an MGUS-like condition that eventually
progresses to overt MM. Consequently, targeting of adipocytes and obesity treat-
ment may be effective in the early stages of myelomagenesis or MM prevention, in
particular.

3 The Extracellular Compartment and the Liquid Milieu
3.1 The Extracellular Matrix (ECM)

The ECM consists of proteoglycans, nonproteoglycans, and fibers (collagen, elas-
tin) as well as fibronectin and laminin. These components are produced by various
cell types, including fibroblasts, and OBs. Although the composition of the ECM
varies dependent on the tissue context, cell adhesion, cell-to-cell communication
and differentiation are common functions of the ECM [218]. In addition, it acts as a
local store by sequestering growth factors and cytokines. Physiologic or patho-
physiologic changes trigger protease or metalloproteinase activities thereby causing
the immediate release of factors from these stores and allowing rapid and local
growth factor-mediated activation of cellular functions. Cell adhesion to the ECM is
either mediated via focal adhesions connecting the ECM to actin filaments of the
cell, or via hemidesmosomes connecting the ECM to intermediate filaments such as
keratin. Integrins are specific cell surface cellular adhesion molecules (CAM) that
bind cells to ECM structures, such as fibronectin and laminin, but also to integrin
proteins on the surface of other cells. The attachment of fibronectin to the extra-
cellular domain initiates intracellular signaling pathways as well as association with
the cellular cytoskeleton via a set of adaptor molecules such as actin. Unlike growth
factor receptors, integrins have no intrinsic enzymatic activity but trigger signaling
pathways by clustering with other kinases (receptor tyrosine kinases or cytoplasmic
kinases) or proteins of focal/adhesion/cytoskeleton complexes. Key integrins
mediating MM cell-ECM adhesion are o4f1 (CD49d/CD29 or VLA-4) and
avfB3-integrin. MM cell adhesion to fibronectin is predominantly mediated through
VLA-4 and directly protects tumor cells from DNA damaging drugs (i.e., anthra-
cyclines and alkylating agents) by induction of CAM drug resistance (CAM-DR), a
reversible G1 arrest associated with increased p27kipl (encoded by CDKNI1B)
levels [7, 219]. MM cell adhesion to vitronectin and fibronectin is predominantly
mediated through avp3-integrin-binding and triggers production and release of
urokinase-type plasminogen activator, MMP-2 and MMP-9, thereby promoting
tumor cell invasion and spreading [220, 221]. Interestingly, a recent study indicates
that ECM remodeling by BM-MSCs may play an important role in the progression
of MGUS to MM [222]. Since integrins are easily accessible and readily targeted by
antibodies they may provide excellent drug targets. Another potential target is
CD147 also known as ECM metalloproteinase (MMP) inducer (EMMPRIN), which
has been implicated in the evolution from MGUS to MM progression [223].
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Finally, changes in glycosylation of cell surface adhesion molecules such as selectin
ligands, integrins and mucins have been implicated in the pathogenesis of several
solid and hematological malignancies, often with prognostic implications [224].
Most recent studies demonstrated high expression of [-galactoside
a-2,3-sialyltransferase, ST3GALG, in MM cell lines and patients. This gene plays
a key role in selectin ligand synthesis, which is involved in the mediation of
adhesion to MM BM stromal cells and fibronectin, and is significantly associated
with inferior overall survival [225]. Therefore, targeting glycosylation of selectin
ligands represents a potential therapeutic target. Moreover, recent advances to
introduce anti-adhesion strategies as a novel therapeutic concept in oncology in
general, and MM in particular, hold great promise. Importantly, thalidomide,
bortezomib, and lenalidomide exert their anti-MM activity, at least in part, by
inhibition of MM cell binding to ECM proteins. Our own data demonstrate
anti-MM activity of the humanized anti-o4 antibody natalizumab in MM [226].
However, a clinical trial using natalizumab in relapsed/refractory MM was termi-
nated in late 2014 due to low enrollment. A clinical trial evaluating the humanized
anti-vitronectin receptor (anti-avfp3) antibody etaracizumab (Abegrin™ previously
known as Vitaxin® or MEDI-522) is ongoing.

3.2 The Liquid Milieu

Initially considered to be the sole contributor of maintenance and expansion of MM
cells within the BM, the liquid compartment consists of cytokines and growth
factors, most prominently including IL-6, VEGF, IGF-1, and SDF-1. They are
produced and secreted by MM cells as well as other BM stroma cells both via
autocrine and paracrine loops and cell—cell adhesion.

IL-6. Predominantly produced and secreted by BMSCs and osteoblasts, IL-6 is a
key growth and survival factor in MM. IL-6 levels correlate with MM tumor cell
mass, disease stage and prognosis [227, 228]. IL-6 triggers caveolin-1/Hck/Gab1/2-
dependent activation of MEK/MAPK-, JAK/STAT3-, and PI3K/Akt signaling
pathways [229]. Moreover, it triggers JAK/STAT3-dependent upregulation/
activation of antiapoptotic proteins Mcl-1 and Bcl-xL, Piml as well as c-Myc.
Besides MM cell growth and survival, IL-6 confers drug resistance, to dexam-
ethasone in particular, via activation of PI3K- Akt- and SHP2-related adhesion
focal tyrosine kinase (RAFTK) and mitochondrial release of second activator of
apoptosis (Smac) [230, 231]. Compounds targeting IL-6 signaling pathways include
antibodies against IL-6 and IL-6 receptor, for example, siltuximab/CNTO 328, IL-6
antisense oligonucleotides and IL-6 super antagonist Sant7 [232]. A Japanese phase
1 study of siltuximab in relapsed/refractory MM showed no dose-limiting toxicities
at a recommended dose of 11 mg/kg once every 3 weeks [233]. Additional clinical
trials evaluating the safety and efficacy of siltuximab alone or in combination with
other agents including bortezomib, lenalidomide are ongoing in patients with
high-risk SMM, relapsed or refractory MM (https://clinicaltrials.gov). However,
many MM cell lines grow independently of IL-6. Moreover, binding of MM cells to
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BMSC:s trigger survival even after inhibition of the IL-6/gp130/STAT3 pathway,
suggesting MM growth mechanisms other than IL-6. These findings may also
explain why therapeutic approaches targeting IL-6 have not induced responses in
phase I clinical trials. Taken together, these data show that IL-6 is a crucial, but not
a sole factor in MM pathogenesis.

TNFo. superfamily-induced signaling pathways in MM. The TNFa superfamily
includes SDF-1a, CD40, BAFF, and APRIL. In MM, SDF-la and its
G-protein-linked cognate receptor CXCR4 (CD184) are expressed in the BM of
MM patients. SDF-1a is primarily produced by BMSCs, but also by MM cells.
Functionally, SDF-1a rapidly and transiently upregulates LFA-1-, VLA-4-, and
VLAS-mediated MM cell adhesion and migration [234, 235]; promotes prolifera-
tion and protects against dexamethasone-induced apoptosis in MM cells; and
stimulates secretion of IL-6 and VEGF in BMSCs [236]. In addition, SDF-1a
activates the CXCR?7 receptor [237], which modulates trafficking and adhesion of
human malignant hematopoietic cells. Most importantly SDF-1a is a critical reg-
ulator of MM cell homing [236]. Indeed, a recent study demonstrates that treatment
with the high-affinity anti-SDF-1 PEGylated mirror-image 1-oligonucleotide
(olaptesed pegol) renders the BM microenvironment less receptive for MM cells
and reduces MM cell homing and growth, thereby inhibiting MM disease pro-
gression [179]. Moreover, current clinical trials investigate the role of the CXCR4
inhibitor AMD3100 (Genzyme, Cambridge, MA, USA) in the inhibition of MM
cell homing [238]. CD40 is expressed by antigen-presenting cells, T cells, as well
as B-cell malignancies including MM. Functionally, CD40 mediates p53-dependent
increases in MM cell growth, PI3K/Akt/NF-kB-dependent MM cell migration,
triggers VEGF secretion and induces membrane translocation of Ku86 and Ku70
proteins involved in IgH class switching. Moreover, CD40-activated MM cells
adhere to fibronectin and are protected against apoptosis triggered by irradiation
and doxorubicin [239]. A clinical phase I trial using the anti-CD40 antibody
dacetuzumab (SGN-40) showed good tolerance, with the best clinical response of
stable disease in 20 % of patients. Based on preclinical studies [142] two trials
evaluating the therapeutic potential of dacetuzumab in combination with
lenalidomide/dexamethasone, or bortezomib, respectively, have now been com-
pleted. Results are pending. TNFa is mainly secreted by macrophages, and triggers
only modest MM cell proliferation, survival and drug resistance. However, it
markedly upregulates (fivefold) secretion of IL-6 in BMSCs and induces
NF-kB-dependent expression of CD11a/LFA-1, CD54/ICAM-1, CD106/VCAM-1,
CD49d/VLA-4 and/or MUC-1 on MM cell lines; as well as CD106/VCAM-1 and
CD54/ICAM-1 expression on BMSCs. Expression of these molecules results in
increased (two to fourfold) specific binding of MM cells to BM-MSCs, with related
induction of IL-6 transcription and secretion, as well as CAM-DR. Agents that
target TNFa including bortezomib, thalidomide and IMiDs, at least in part, abrogate
the paracrine growth and survival advantage conferred by MM cell adhesion in the
BM microenvironment [240]. B lymphocyte stimulator (BAFF) is normally
expressed by monocytes, macrophages, DCs, T cells, OCs and BM-MSCs, and
exists both as a membrane-bound and a cleaved soluble protein. In MM, both tumor
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cells and BM-MSCs express high levels of BAFF and APRIL and their receptors
[241]. BAFF secretion by BM-MSCs is further augmented upon adhesion to MM
cells [231]. Serum BAFF levels are related to angiogenesis and prognosis in MM
patients [242]. Functionally, BAFF and APRIL protect MM cells from apoptosis
induced by IL-6 deprivation and dexamethasone and promote MM cell growth as
well as adhesion to BM-MSCs through activation of NF-kB-, PI3K/Akt-, and
MAPK pathways. Furthermore, both BAFF and APRIL induce strong upregulation
of Mcl-1 and Bcl-2, and regulate TACI- and c-Maf-dependent expression of both
cyclin D2 and integrin B7 [231, 241]. Importantly, high TACI expression TACI
(hi)) displays mature plasma cell gene signature indicating dependence on the BM
environment, while low TACI expression (TACI (lo)) displays a gene signature of
plasma blasts, suggesting an attenuated dependence on the BM microenvironment.
Taken together, these data strongly suggest the therapeutic value of antibodies or
small-molecule inhibitors, which target BAFF/APRIL-induced signaling pathways,
in MM patients with TACI (hi) in particular [243].

Insulin-like growth factor-1-induced signaling pathways in MM. In MM, IGF-1
promotes proliferation and drug resistance in MM cells through activation of
MAPK and PI3K/Akt signaling cascades and MM cell migration and invasion
through a PI3K-dependent Akt-independent protein kinase D/PKCm/RhoA/B1-
integrin-associated pathway [232]. Moreover, IGF-1 regulates the expression of
Bcl-2 proteins; and the IGF-1 receptor inhibitor picropodophyllin potentiates the
anti-MM activity of BH3-mimetics ABT737, 263 and 199 [244]. Importantly,
inhibition of the IGF-1R overcomes bortezomib resistance [245], and sensitizes
MM cells to bortezomib via therapeutic enhancement of ER stress [246]. As for
IL-6 and VEGF-signaling pathways, caveolae are also required for IGF-1-signaling
sequelae [247]; and cross-activation of IGF-1 and IL-6 receptors is facilitated by the
close proximity of these two receptors at lipid rafts on the plasma membrane [248].
Consequently, inhibition of IGF-1 receptor using NVP-ADW742 also blocks the
IL-6-triggered response in MM cells [249]. A clinical trial investigating the IGF-1R
inhibitor ASP7487 (OSI-906) in combination with bortezomib for the treatment of
relapsed MM is ongoing (https://clinicaltrials.gov).

4 Recent New Insights on Signaling Molecules

Binding of MM cells to stroma cells and the ECM as well as changes in the
secretion of cytokine- and growth factor levels lead to tumor cell proliferation,
survival, migration, and drug resistance via activation of numerous signaling cas-
cades. Several approaches to target surface receptors or to neutralize cytokines,
growth factors and their respective receptors as well as downstream signaling
molecules are under investigation. For example, Raf is a key regulator of cellular
proliferation and survival within the MAPK pathway. BAY43-9006/sorafenib/
Nexavar (Bayer Pharmaceuticals, West Haven, CT, USA) is the first oral multik-
inase inhibitor (PDGFR, VEGFR-1,-2,-3 and c-Kit) that targets c-Raf. Single agent
use of sorafenib in MM patients with relapsing and resistant MM did not exhibit
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anti-MM activity (SWOG S0434 trial [250]). Based on preclinical studies, which
demonstrated significant anti-MM activity and synergism when given in combi-
nation with common anti-MM drugs [251, 252], ongoing clinical trials investigate
the activity of sorafenib when combined with bortezomib, or lenalidomide in
relapsed or refractory MM (https://clinicaltrials.gov). Moreover, in an initial gen-
ome sequencing analysis of MM B-Raf mutations were observed in 4 % of patients
[253]. Indeed, treatment of a MM patient with extensive extramedullary disease,
who was refractory to all approved therapeutic options and who carried the B-Raf
V600E mutation, with vemurafenib induced rapid and durable responses [254].
A clinical phase I study in patients with B-Raf V600E-positive cancers including
MM is ongoing. An additional novel target is ERKS [255]. Clinical trials using the
ERKS inhibitor TG02-101 in MM are ongoing.

5 Hypoxia within the Bone Marrow Microenvironment

In MM, the hypoxic BM microenvironment of the endosteal niche supports the
selection of aggressive MM cell clones and their survival and growth [256]. These
effects are predominantly mediated via activation of HIF-1 and HIF-2. In addition
HIFs increase the production of angiogenic but also osteoclastogenic factors within
the BM and thereby stimulate, at least in part, BM angiogenesis and osteoclasto-
genesis. Importantly, when deregulated HIF collaborates with oncogenic c-Myc in
inducing the expression of VEGF, PDKI, and hexokinase 2 [257]. Constitutive
expression of HIF-1a has been observed in about 35 % of MM patients. Interest-
ingly, recent studies demonstrate that hypoxia also activates EMT-related
machinery in MM cells and stroma cells, including activation of HIFs, activation
of SNAIL, and decreased expression of E-cadherin leading to decreased adhesion of
MM cells to stroma cells, decreased SDF-1a secretion from stroma, and enhanced
egress of MM cells to the circulation [46]. Moreover hypoxia reduces CD138
expression and induces an immature and stem cell-like transcription program in
MM cells [258]. HIF-1a is therefore a promising therapeutic target. EZN-2968, a
small 3rd generation antisense oligonucleotide against HIF-1a induced a permanent
cell cycle arrest and mild apoptotic cell death [259]. Another approach to target
hypoxia in MM is the use of hypoxia-activated prodrug TH-302, which selectively
targets hypoxic MM cells triggers apoptosis and decreases paracodein secretion
[256]. In addition synergistic induction of apoptosis in MM cells by bortezomib
together with TH-302 was observed in preclinical in vitro and in vivo studies [260].

6 Concluding Remarks

It is now well established that the BM microenvironment plays a key role in MM
pathogenesis. However, despite unprecedented advances in derived MM therapy it
remains an incurable disease with a median survival of 7-8 years. One of the most
exciting advances in the field of MM treatment is the emergence of immune
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therapies. Another striking finding of recently completed next-generation
sequencing studies has been the high degree of heterogeneity in MM cells [12,
253, 261-264]. These data confirm analogous reports based on copy number
variations [265, 266]; and flow cytometry analysis [267, 268]. Ongoing studies
investigate whether disease progression depends on heterogeneity-driven modifi-
cations of the microenvironment; which in turn confer selective advantage of more
aggressive MM subclones. New insights into these processes will lead to the
identification of additional therapeutic targets and the development of derived novel
agents. The foremost challenge in the clinical development of novel agents is the
selection of the most promising compounds. Another challenge is the safety of
novel agents. Moreover, given the profound heterogeneity of MM further
improvements are likely only reachable by personalized treatment approaches,
which simultaneously target both MM subclones as well as tumor-supportive
constituents of the BM MM microenvironment. Well-designed clinical trials will be
needed to identify those combination regimens with maximal activity and minimal
toxicity. We are confident that continuing efforts in preclinical and clinical MM
research will help to turn MM into a chronic disease with sustained complete
response in many of our patients in near future.
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Abstract

Assessment of minimal residual disease (MRD) is becoming standard diagnostic
care for potentially curable neoplasms such as some acute leukemias as well as
chronic myeloid and lymphocytic leukemia. Although multiple myeloma
(MM) remains as an incurable disease, around half of the patients achieve
complete remission (CR), and recent data suggests increasing rates of curability
with “total-therapy-like” programs. This landscape is likely to be improved with
the advent of new antibodies and small molecules. Therefore, conventional
serological and morphological techniques have become suboptimal for sensitive
evaluation of highly effective treatment strategies. Although, existing data
suggests that MRD could be used as a biomarker to evaluate treatment efficacy,
help on therapeutic decisions, and act as surrogate for overall survival, the role of
MRD in MM is still a matter of extensive debate. Here, we review the different
levels of remission used to define depth of response in MM and their clinical
significance, as well as the prognostic value and unique characteristics of MRD
detection using immunophenotypic, molecular, and imaging techniques.
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Key facts

The higher efficacy of new treatment strategies for MM demand the incorporation of highly
sensitive techniques to monitor treatment efficacy

MRD could be used as a more potent surrogate biomarker for survival than standard CR
We need to understand the pros and cons of the different MRD techniques
The time has come to incorporate highly sensitive, cost-effective, readily available, and
standardized MRD techniques into clinical trials to assess its role in therapeutic decisions
Keywords
Myeloma + MRD - Surrogate + Flow - NGS - PET/CT

1 The Definition of Complete Response in MM:
An Historical Overview

Changes in the level of the serum paraprotein and/or urinary light-chain excretion
form the basis of assessing the response to therapy and monitoring the progress of
MM. Response criteria were first developed by the Committee of the Chronic
Leukemia and Myeloma Task Force (CLMTF) of the U.S. National Cancer Institute
in 1968 and were reviewed by the same group in 1973. The main response parameter
was a reduction in the paraprotein of at least 50 %. In 1972 the Southwest Cancer
Chemotherapy Study Group, now the Southwest Oncology Group (SWOG), defined
‘objective response’ as a reduction of at least 75 % in the calculated serum para-
protein synthetic rate (rather than paraprotein concentration) and/or a decrease of at
least 90 % in urinary light-chain excretion, sustained for at least 2 months [1].
Neither the CLMTF nor the SWOG response criteria include a definition of
complete response (CR) since it was rarely observed with existing treatments. With
the introduction of new regimens such as VAD (vincristine, adriamycin, and
dexamethasone) and high-dose melphalan (140 mg/m?) followed by autologous
stem cell support (ASCT), measurable paraprotein disappeared in a significant
proportion of patients and criteria for complete remission were proposed based on
the absence of detectable paraprotein in serum or urine together with a normal
number of plasma cells (PCs) in the marrow (i.e., <4-5 %); nevertheless, the initial
definition had no consensus on whether the absence of paraprotein should be based
on routine electrophoresis alone, or combined with more sensitive methods such as
immunofixation [2]. The current definition of CR was introduced by Blade et al. on
behalf of the European blood and marrow transplantation (EBMT) more than
15 years ago: negative immunofixation in serum and urine, disappearance of any
soft tissue plasmacytomas and <5 % PCs in bone marrow (BM) [2]. The prognostic
value of CR has extensively been validated both in transplant-candidate [3—5] and
elderly patients [6—8]. A correlation between deeper quality of responses and better
outcomes has also been described in the relapse/refractory setting [3]. As expected,
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different groups have also shown that more important than achieving CR is to
maintain it, since those patients that relapse from CR early-on consistently show a
dismal outcome [4, 5]. Interestingly, long follow-up observations show that only 1
out of 4 patients in CR remain progression-free at 10 years [6, 7]. All these data
together implies that CR is indeed a strong prognostic marker and a clinically
relevant end point, but also that similarly to other hematological malignancies,
response criteria in MM can be further improved.

Already in 2006, the International Myeloma Working Group (IMWG) high-
lighted the need for a new definition of CR, and introduced normalization of serum
free light-chains (SFLC) and absence of clonal PCs in BM biopsies by immuno-
histochemistry (IHC) and/or immunofluorescence, as additional requirements to
define more stringent CR criteria [8]. Since then, only one large study was able to
show the superiority of the stringent over conventional CR criteria to define
patients’ outcomes [9], while other groups failed to demonstrate the utility of the
sFLC assay among immunofixation-negative patients [10—12], maybe because the
latter groups did not include simultaneous assessment of PC clonality in BM
biopsies. Importantly, the vast majority of CR patients after therapy show recovery
of normal PCs that exceeds the percentage of clonal PCs, implying that more
sensitive clonality markers are needed such as the clonotypic immunoglobulin
(Ig) gene sequences or immunophenoyping. In addition, it has been suggested that
the sFLC might be replaced by the heavy-light format [13] and become merely a
surrogate for recovery of the immune system rather than an MRD monitoring tool
[14]. Overall, it becomes clear that the definition of CR would benefit from an
improvement that matches the rapid evolution observed in MM treatment. Such
improvement can only be achieved by highly sensitive technologies able to detect
MRD at very low levels and accordingly, the notion of immunophenotypic and
molecular CR have been slowly integrated into the response criteria in MM [15].

2 The Relationship Between Depth of Response
and Survival: Rationale for Implementing MRD
Monitoring in MM

At present it is clear that in MM there is a direct correlation between the depth of
response, particularly CR, and prolonged progression-free survival (PFS) as well as
overall survival (OS). This has been demonstrated in many different individual
studies [16-21], and confirmed in meta-analyses among transplant-eligible and
non-transplant-eligible patients [22-24]. It has also been demonstrated among
newly diagnosed high risk [25, 26] and relapse/refractory MM patients [3, 27].
Albeit the overwhelming amount of data supporting the concept that “the deepest
the response, the longer the survival,” there is also evidence betraying such cor-
relation: (i) patients in CR with early relapses and dismal survival [4, 5]; (ii) dif-
ferent CR rates that do not translate into different outcomes [28]; (iii) similar CR
rates associated with different survival [29]; or (iv) some patients failing to achieve
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CR who show excellent outcome (those with an MGUS-like signature at baseline)
[30]. Regarding the latter subset, it should be noted that MGUS-like patients in
which indeed CR is not a pre-requisite to achieve long-term disease control rep-
resent <10 % of the whole MM population [30, 31]; for the vast majority of
patients, higher CR rates were indeed needed to prolong survival [7]. Moreover,
most of the controversial results described above concerning the value of CR may
be (at least partially) related to either (i) heterogeneity in the consolidation or
maintenance treatment used in one of the treatment arms but not in the other after
response evaluation which may further affect tumor reduction, or (ii) different CR
quality reached after different regimens [7], combined with the relatively limited
sensitivity of current methods to define CR [15]. Altogether, these observations do
not challenge the importance of achieving CR in MM, but unravel the need for
further standardization and optimization of MRD detection. Recent data by Raw-
stron et al. [32] points out that quantitative assessment of tumor load with a cut-off
of 1074 (using multiparameter flow cytometry; MFC) would be more informative
than a positive versus negative categorization, suggesting that a lower cut-off
provided by more sensitive assays (e.g., NGS or high-sensitive MFC) will likely
improve outcome prediction further. This has already been confirmed by
Martinez-Lopez et al. using NGS [33], who identified three groups of patients with
different TTP: patients with high (<107%), intermediate (10°-107°), and low
(>1075) MRD levels showed significantly different TTP: 27, 48, and 80 months,
respectively. Accordingly, these data highlight that beyond CR the deepest the level
of MRD eradication the better survival, and that 10> should be currently consid-
ered as the target cut-off level for definition of an improved response category and
MRD-negativity. This concept has also been reinforced by data obtained with
parallel approaches achieving sensitivity levels beyond 107> [34].

3 Immunophenotypic CR

Multiparameter flow cytometry (MFC) is particularly well-suited to study biolog-
ical samples containing PCs, because it allows: (i) simultaneous identification and
characterization of normal versus tumors cells at the single-cell-level, (ii) fast
evaluation of high-cell numbers (in a few hours), (iii) quantitative assessment of
both normal and tumor cells and their corresponding antigen expression levels (e.g.,
for antibody-based therapy), (iv) combined detection of cell surface and intracel-
lular antigens (e.g., for unequivocal confirmation of clonality within phenotypically
aberrant cells), (v) an overview of the whole hematopoiesis through the simulta-
neous analysis of the different cell lineages [35].

The prognostic value of MFC-based MRD monitoring in MM was introduced in
2002 by the Spanish [36] and British [37] groups; both studies suggesting the utility
of monitoring the BM PC compartment among MM patients treated with conven-
tional or high-dose chemotherapy, even if such patients were in CR [37]. This initial
positive experience led these groups to implement their corresponding 4- and 6-color
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flow-MRD methods in large clinical trials. In the PETHEMA/GEM2000 study,
flow-MRD was identified as the most relevant prognostic factor in a series of 295
newly diagnosed MM patients receiving HDT/ASCT [38]. MRD-negativity at day
100 after ASCT translated into significantly improved PFS and OS, and the impact
of MRD was equally relevant among patients in CR. Similarly, in the
intensive-pathway of the MRC Myeloma IX study, MRD-negativity at day 100 after
ASCT was predictive of favorable PES and OS [39]. This outcome advantage was
equally demonstrable in patients achieving CR. Furthermore, current data indicate
that attaining MRD-negativity is not only relevant for standard but also high-risk
patients. In fact, it is important to emphasize that both the PETHEMA/GEM and UK
groups have demonstrated that risk assessment by cytogenetics/FISH and
flow-MRD monitoring were of independent prognostic value in transplant-eligible
patients [38, 39]. Furthermore, it is particularly interesting to observe the benefit of
achieving MRD-negativity in high-risk patients, whose outcome becomes similar to
that of standard-risk patients [5]. Accordingly, further research on the role of MRD
as a surrogate for prolonged OS among high-risk patients is warranted, since it could
represent an attractive clinical end point to improve the typical poor prognosis of this
patient population. Thus, combined cytogenetic/FISH evaluation at diagnosis plus
MRD assessment after HDT/ASCT (day +100), provided powerful risk stratifica-
tion, which also resulted in a highly effective approach to identify patients with
unsustained CR and dismal outcomes [5]. Collectively, these results confirm the
superiority of MRD assessment over conventional response criteria to predict out-
come in distinct MM genetic subgroups. The effect of maintenance therapy with
thalidomide was also assessed in the UK study. Interestingly, MRD-positive patients
randomized to the maintenance arm experienced significantly prolonged PFS as
compared to the placebo arm; in MRD-negative patients a similar trend was
observed [39]. The Spanish myeloma group has also shown that it was possible for
elderly patients treated with bortezomib-based induction regimens to achieve
MRD-negativity, and that flow-MRD resulted in superior patient prognostication
than conventional and stringent CR response criteria [12]. A recent update of this
study [40] after a median follow-up >5 years, shows median PFS and OS rates not
yet reached for patients in flow-CR after VMP (but not VTP) induction. These
results suggest that MRD monitoring is also clinically relevant in elderly patients but
MRD-negative cases after two different regimens (VMP and VTP) did not experi-
enced the same outcome. These findings suggest that the level of MRD tumor
depletion may have been different between the two regimens, and that the 4-color
MEFC assay used in this GEM2005 trial was underpowered for ultra-sensitive
detection of MRD [40].

The sensitivity of MFC has recently increased due to simultaneous assessment of
>8 markers and evaluation of greater numbers of cells than what was previously
feasible with analogical (4-color) instruments [41]. Thus, the availability of
>8-color digital flow cytometers coupled to novel sample preparation protocols that
allow fast and cost-effective routine evaluation of >5 million nucleated cells, has
boosted the sensitivity of modern MFC-based MRD monitoring into that achieved
on molecular grounds (£107%) (Table 1). It should be noted that current sensitivity
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of MFC is at least 1-log superior than that of previous MFC analyses (10™%);
therefore, ongoing MFC-based MRD monitoring should result in improved patient’
risk stratification versus 4- or 6-color analyses. Accordingly, the Intergroupe
Francophone du Myélome has reported on the prognostic value of their 7-color
flow-MRD method implemented in a recent phase II study; overall, 68 % of
patients achieved MRD-negativity and none of these patients has relapsed so far
[42]. Analysis of larger number of cells (i.e., >5 million events) allows visualization
of previously undetectable normal PC subsets with more heterogeneous pheno-
types, which implies the need for simultaneous evaluation of at least eight
parameters and potentially also Kappa and Lambda to improve specificity (and
thereby sensitivity). Accordingly, using validated and standardized 8-color panels,
clonal PCs are readily and accurately distinguishable from normal PCs according to
aberrant phenotypes [35], and their clonality further confirmed by light-chain
restriction. Because such analyzes rely on the recognition of aberrant antigenic
patterns (i.e., different from normal), flow-MRD is applicable in virtually every
MM patient without requiring for patient-specific diagnostic phenotypic profiles
(although these are certainly useful). Equally important, the flow-MRD method
incorporates a sample quality check of BM cellularity via simultaneous detection of
B-cell precursors, erythroblasts, myeloid precursors, and/or mast cells. This infor-
mation is critical to ensure sample quality and to identify hemodiluted BM aspirates
that may lead to false-negative results

A potential limitation of MFC is that current strategies could miss hypothetical MM
cancer stem cells with more immature phenotypes. However, recent investigations
conducted with sensitive ASO-PCR assessment of clonal Ig genes among FACS-sorted
peripheral blood B-cell subsets, revealed that such clonotypic cells are either absent, or
present below highly sensitive limits of detection [41]. The need for extensive expertise
to analyze flow cytometric data, together with the lack of well-standardized flow-MRD
methods have been pointed out as additional and perhaps the main limitations of
conventional MFC immunophenotyping [55]. However, new software programs have
been developed in recent years with improved multidimensional identification and
classification of different cell clusters coexisting in a sample (e.g., through principal
component analysis and canonical analysis). These tools together with the use of normal
and tumor reference databases, would allow for automated detection of normal versus
aberrant phenotypic profiles [56]. If such methods become widely adopted, MFC would
represent a method of choice for clinically relevant (Table 1), cost-effective yet highly
sensitive, standardized MRD monitoring.

4 Molecular CR

Rearrangements of germline V, (D), and J gene segments in the Ig gene complexes
(IGH, IGK, and IGL) provide each B-cell with specific V(D)J combinations. The
random insertion and deletion of nucleotides at the V(D)J junction sites create
highly diverse junctional regions, which represent unique “fingerprint-like”
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sequences, that are different in each B-cell and thus also in each B-cell malignancy.
Since the 90s, these junctional regions (to be identified in each individual patient at
diagnosis) have therefore been used as individual tumor-specific targets using Ig
allele-specific oligonucleotides (ASO) as primers, initially for nested PCR
approaches and later for real-time quantitative PCR-based MRD analysis
(ASO-PCR). Such Ig targets can be identified and sequenced with standardized
technologies in >95 % of lymphoid malignancies and used for the design of
junctional region-specific oligonucleotides, to be applied for sensitive PCR-based
detection of low frequencies of malignant cells, down to one malignant cell in 10*—
10° normal cells (10"#~107>) [57]. This time-consuming but sensitive approach has
been highly successful for MRD diagnostics in immature B-lineage malignancies,
such as acute lymphoblastic leukemia (ALL) and has also been applied in mature
B-cell malignancies such as MM, where its clinical relevance has been consistently
demonstrated (Table 1).

Initial observations performed in patients undergoing autologous or allogeneic
SCT unraveled the prognostic value of reaching molecular remissions [34, 47, 58,
59, 51, 44, 48, 52, 49]. Using nonquantitative approaches, the percentage of
molecular remissions observed after allogeneic SCT was significantly higher as
compared to patients undergoing autologous SCT, suggesting a role for this tech-
nique to evaluate treatment efficacy. Furthermore, Lipinski et al., in a retrospective
study performed in 1ifi3 patients undergoing ASCT suggested the potential value of
ASO-PCR monitoring to predict progression [60], and this notion of MRD reap-
pearance heralding relapse has been recently confirmed by the GIMEMA group [61].

Semi-quantitative and quantitative approaches have also been used to predict
patients’ outcome according to MRD levels. Korthals et al. in a cohort of 53 patients
undergoing ASCT have shown that different MRD levels by ASO-RQ-PCR before
ASCT allowed two discriminate two groups of patients with different PFS and OS
(0.2 % 2IgH/Pactin) [59]. Putkonen et al. in a series of 37 patients undergoing
autologous and allogeneic stem cell transplantation defined 0.01 % as the optimal
MRD threshold to distinguish two groups of patients with different PFS and OS [49].
Puig et al., in a recent study that included 103 patients undergoing ASCT also found
10~ as the most significant cut-off level, distinguishing two subgroups with different
PFS and, when applied to patients in conventional CR, also different OS [51].
Finally, Ladetto et al. with nested and ASO-RQ-PCR have reported on the signifi-
cant reduction of residual tumor load after bortezomib, thalidomide and dexam-
ethasone (VTD) consolidation, which translated into prolonged PFS [34]. A recent
update of the study showed that MRD monitoring also predicted for different OS:
72 % at 8 years for patients in major MRD response versus 48 % for those with
positive MRD [61]. More recent studies have provided similar results [52, 62].

In addition to the well-established clinical value, other advantages of PCR
approaches for MRD detection are the bypass for immediate sample processing
since it is unaffected by pre-analytical biases such as loss of viable cells over time
[47]. This feature makes molecular-based MRD monitoring an attractive approach
for studies requiring centralized (or necessarily delayed) analysis. Furthermore,
taking advantage of the uniqueness of patient-specific clonal IGHV rearrangements,
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PCR assays can reach highly sensitive MRD detection levels up to 107, although
experience from different centers suggests that routine limit of detection stands at
107 [34, 51]. Importantly, PCR strategies have gone through an extensive vali-
dation and standardization process for MRD testing in different hematological
neoplasms, such as acute lymphoblastic leukemia, becoming readily standardized
and reproducible among different centers [57, 63], although not yet in MM. In
contrast to MFC, PCR-based approaches require diagnostic samples to identify
patient-specific clonotypic sequences [64]. Furthermore, the high rate of somatic
hypermutations both in the heavy- and light-chain immunoglobulins genes [65]
prevent the exact annealing of consensus primers, hamper clonal detection,
sequencing success rates, and overall ASO performance [51]. To overcome such
limitations, additional targets have been tested (e.g.,; DJH and Kde) [66] and the
use of CD138" positively selected PCs has been shown to significantly increase the
applicability of PCR-based MRD monitoring in MM, but still remains in the range
of 65-80 % of cases [67]. Accordingly, the technique remains costly, laborious,
methodologically complex, and difficult to implement into routine clinical practice.

Sequencing technologies can quickly perform multiple reads of many different
DNA fragments and are therefore a natural alternative to overcome some of the
limitations of ASO-PCR to monitor MRD in MM. Importantly, this technology
allows the detection of previously known tumor-specific sequences within normal
DNA fragments (i.e.,;, MRD monitoring). Current NGS methods include: (1) py-
rosequencing, based on the luminometric detection of the pyrophosphate released
when individual nucleotides are added to DNA templates from an emulsion PCR;
(2) multiplex sequencing-by-synthesis technology, that rely on light signals emitted
during the resynthesis of small DNA fragments previously produced by bridge
amplification; and (3) ion semiconductor sequencing, that detects hydrogen ions
released during DNA polymerization. Using these techniques, several methods
have been developed to sequence rearranged B-cell (BCR) and T-cell receptor
(TCR) genes [68—72]. These methods use a consensus PCR to amplify all possible
BCR or TCR rearrangements which, at diagnosis, allow to identify clonal rear-
rangements (arbitrarily defined as those above 5 % among the total sequences
identified) [72]. After therapy, clonal Ig rearrangements can be traced among
thousands of normal Ig genes through several millions reads, providing
high-specificity and sensitivity for MRD detection of BCR and TCR clonal
sequences.

One of the greatest advantages of NGS approaches for MRD detection in MM is
its sensitivity which, without compromising specificity, is estimated to be in the
range of 107°-107% [33, 72]. Of note, with NGS it would be possible to detect
clonal tiding (i.e., suppression or reemergence of two or more clonal Ig rear-
rangements following treatment) [73], although subclonality in diagnostic samples
is typically below 7 % of all tumor cells patients. Furthermore, in MM the main
clonal rearrangement is usually stable from diagnosis to relapse, [74] or if it
changes, this problem would not affect a proportion much higher than 5 % of the
patients [75]. NGS offers additional advantages, particularly when compared to
ASO-PCR, because it is methodologically less complex, and obviates the need to
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construct dilution standard curves which is the main reason of ASO-PCR failure in
MM [51]. Another potential advantage of NGS is the information that it provides
about the residual normal B-cell compartment, since it can identify the variability of
normal polyclonal B-cells and this information may be of potential prognostic
value.

However, there are also some disadvantages. Similarly to ASO-PCR, NGS-
based MRD monitoring cannot distinguish hemodiluted from representative BM
samples. Albeit the applicability of NGS is superior to that of ASO-PCR, still in
around 10 % of patients the clonal rearrangement cannot be identified during the
initial PCR step [33, 76]. Similarly to ASO-PCR, the NGS method requires a
diagnostic sample to identify the patient-specific clonotypic sequence. In addition,
MRD quantitation is only approximate, because the efficacy of amplification is
highly variable depending on the specific sequence of the rearrangement [77].
NGS-based MRD monitoring is still centralized on commercial vendors and not yet
widely available; if it becomes decentralized, this would require additional vali-
dation and standardization within the different centers adopting this technology
(similarly to what is being currently done for MFC and ASO-PCR). Finally, NGS is
relatively labor-intensive and expensive technology, which are important factors to
consider prior to incorporation into routine clinical practice.

Since NGS-based MRD monitoring has only recently been developed, there is
yet few clinical data in MM (Table 1). However, the PETHEMA/GEM has already
described favorable and promising results in a series of 133 MM patients including
both transplant and non-transplant-eligible cases [33]. The applicability of
NGS-based MRD monitoring using the LymphoSIGHT® methodology was of
90 %. The median TTP and OS of MRD-negative cases were of 80 months and not
reached, respectively [33]. As above mentioned, Martinez-Lopez identified three
groups of patients with different TTP: patients with high (<107°), intermediate
(107°=107%), and low (>107°) MRD levels showed significantly different TTP: 27,
48, and 80 months, respectively, which indicates that the deepest the quality of CR,
the better the patients outcome [33]. Other studies are providing similar results in
MM [78, 79] but these are currently available as abstract, and we should wait for
their full publication with all the necessary details.

5 Available Techniques to Monitor Intramedullary
and Extramedullary MRD: Towards an Imaging CR
in MM?

The possibility of patchy BM infiltration or extramedullary involvement represents a
challenge for both immunophenotypic- and molecular-based MRD detection in single
BM aspirates. This highlights the potential value of sensitive imaging techniques to
redefine CR both at the intramedullary and extra-medullary levels (Table 2).
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Table 2 Individual features of currently available techniques to monitor MRD in MM

Technique = Advantages

MFC * Applicable to virtually all patients
(=8-color) '« Availability in individual laboratories
* Reproducibility among centers
« Sensitivity (107°-107°)
* Direct quantitation of MRD levels
* Ongoing assessment of sample
quality
« Diagnostic sample is important but
not mandatory
* Possibility to standardize (e.g.,
EuroFlow/IMF)
¢ Turnaround time (2-3 h)
* Less expensive technique

ASO-PCR | - Highly specific detection of clonality

« Sensitivity (107°-107°)

* Detection of all clonal Ig sequences
irrespectively of phenotype (i.e.,
putative CSCs)

* Intermediate availability in
experienced individual laboratories

* Reproducibility among centers

* Does not require immediate sample
processing

* Acquired experienced in
standardization (EuroMRD)

NGS  Higher applicability compared to

ASO-PCR (~90 %)

« Highly-specific detection of clonality

* Sensitivity 107

« Detection of all clonal Ig sequences
irrespectively of phenotype (i.e.:
putative CSCs)

* Does not require immediate sample
processing

* Easy to standardize if confined to
commercial services

PET/CT |« Applicable to virtually all patients
* Sensitivity (4 mm)
« Detection of extramedullary disease
* Not biased by patchy BM infiltration
* Diagnostic imaging is important but
not mandatory
¢ Turnaround time (2-3 h)

Disadvantages

* Limited value in patients with patchy
BM infiltration and/or extramedullary
disease

* Requires fresh samples (<36-h)

* Requires full implementation of a single,
standardized method in multiple
individual laboratories for complete
standardization

* Detection of clonality restricted to the PC
compartment

* Limited applicability (~60-70 %)

* Limited value in patients with patchy
BM infiltration and/or extramedullary
disease

*» Lack of ongoing assessment of sample
quality

* Requires diagnostic sample

* Turnaround time (3—4 weeks for target
identification at baseline and =5 days
during follow-up)

* Indirect quantitation of MRD levels

* Cost (increased by target identification at
baseline)

* Limited availability to commercial
services

* Limited experience on individual
laboratories (with consequent lack of
reported reproducibility)

* Limited value in patients with patchy
BM infiltration and/or extramedullary
disease

 Lack of ongoing assessment of sample
quality

* Requires diagnostic sample

* Indirect quantitation of MRD levels

* Intermediate availability

Lack of standardization

* Moderate reproducibility at MRD
assessment

» Cost

MFC multiparameter flow cytometry; ASO-PCR allele-specific oligonucleotide, polymerase chain
reaction; NGS next-generation sequencing; PET/CT positron emission tomography-computed
tomography; MRD minimal residual disease; PC plasma cell; CSCs cancer stem cells; EuroFlow
see www.EuroFlow.org; EuroMRD see www.EuroMRD.org
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Magnetic resonance imaging (MRI) is the most sensitive noninvasive imaging
technique to detect focal lesions in the spine. However, it should be noted that due
to treatment-induced necrosis and inflammation, focal lesions may remain hyper-
intense for several months after therapy in both responding and non-responding
patients. This can explain some inconsistencies found between serological CR and
MRI-based CR [53, 80]. Consequently, an interval of at least 3 months has been
recommended before MRI monitoring [81]. Although comparative studies are
lacking, it can be envisioned that similarly to that found for newly diagnosed
patients [82], whole-body MRI (WB-MRI) would be more effective than MRI on
the axial skeleton to define full BM imaging response.

In contrast to MRD, positron emission tomography-computed tomography
(PET/CT) combines the morphological images provided by CT with the imaging
data of a particular metabolic process (e.g., fluorodeoxyglucose-FDG—uptake),
and it is probably the technique of choice to detect extramedullary disease. Simi-
larly to MRI, it is important to emphasize that for MRD monitoring (which will pay
particular attention to FDG uptake rather than lytic bone lesions), both false positive
(e.g., coexisting infectious or inflammatory processes) and false-negative results
(e.g., quiescent tumor cells) may occur [83]. A recent comparison between
WB-MRI and PET/CT in transplant-eligible patients showed that, against con-
ventional response criteria, PET/CT had the lower sensitivity (50 % vs. 80 %) but
higher specificity (85 % vs. 38 %) than WB-MRI. While the utility of other
MRI-based techniques is still under investigation (e.g., dynamic contrast-enhanced
MRI) [84], the current perception is that PET/CT represents the most promising
imaging tool to monitor MRD in MM. That notwithstanding, Zamagni et al.
reported that post-ASCT, PET/CT monitoring was also an independent prognostic
marker for PFS and OS, even among patients in conventional CR [54]. However,
given the sensitivity and specificity observed against traditional response criteria,
standardization of PET-CT (including response criteria) and comparison with other
sensitive BM-based MRD methods is still needed in order to implement imaging
monitoring in the clinical setting [83].

NGS approaches have also been tested in peripheral blood as a promise for MRD
detection in MM outside the BM. This approach has provided initial successful results
in NHL [85] and it has also been proposed for myeloma [86] but no real correlation has
been found in a small study were specific myeloma DNA is lost in most patients after
two cycles of therapy despite they conserve the monoclonal protein [87].

6 Conclusions and Future Perspectives: MRD
Incorporation into Clinical Trials

So far no clinical trial has randomized MM patients according to their MRD status,
in order to investigate the role of MRD to individualize therapy. Overall, the
experience of several cooperative groups using different MRD techniques indicates
that persistence of MRD is always an adverse prognostic feature (Tables 1 and 2),
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even among CR patients. Consequently, it would be safer to take clinical decisions
based on MRD-positivity rather than on MRD-negativity, since the patchy pattern
of BM infiltration typically observed in MM leads to a degree of uncertainty
regarding MRD-negative results: does this guarantee absence of tumor cells or is it
the result of a nonrepresentative BM sample due to patchy tumor infiltration? Many
studies have shown the value of MRD to evaluate the efficacy of specific treatment
phases and therefore, to support potential treatment decisions. For example, both
the Spanish PETHEMA and the UK MRC study groups have shown that MRD
kinetics before and after HDT/ASCT allow identification of chemosensitive versus
chemoresistant patients [38, 39]. For the latter, it could be hypothesized that con-
solidation with alternative therapies would be needed to improve outcomes. Fol-
lowing consolidation physicians face another treatment decision: maintenance
versus no maintenance and duration? Ladetto et al. reported PFS rates of 100 %
versus 57 % for patients in molecular CR versus MRD-positive cases after con-
solidation, respectively [34]. Since no maintenance therapy was given in the
GIMEMA VEL-03-096 study, one might hypothesize that for those cases failing to
reach MRD-negativity despite being in CR/nCR after consolidation, maintenance
may represent an effective approach to eradicate MRD levels and improve outcome.
Accordingly, Rawstron et al. have shown that one out of four MRD-positive
patients randomized to the maintenance arm of the MRC-myeloma IX (intensive)
study turned into MRD-negative, and experienced significantly prolonged PFS
versus the abstention arm [39]. However, because even MRD-negative patients
receiving maintenance continue to show late relapses [39], it may be envisioned that
we need to increase the sensitivity of MRD techniques in order to better monitoring
“theoretically MRD negative” patients during maintenance therapy; moreover, if
treatment decisions are taken according to patients’ MRD status, follow-up MRD
studies would also become useful to detect MRD reappearance preceding clinical
relapse [61]. This approach is likely to imply serial MRD assessment which, at the
moment, would require the need of invasive and inconvenient multiple BM aspi-
rates. Most recently, NGS has been evaluated in PB (i.e., plasma) from MM
patients after induction and this would represent an attractive minimally invasive
approach. However, preliminary data indicates that clonotypic sequences identified
at baseline, become undetectable with just a few cycles of chemotherapy, even
among electrophoresis positive patients. Thus, further research is warranted to
establish the feasibility of PB (e.g., cell- or free DNA-based) MRD monitoring.
Furthermore, our knowledge on clonal tiding (i.e., disappearance of pre-existing or
occurrence of new clones), during maintenance or progression-free periods without
therapy is very limited if exiting at all, and the concept of clonal tiding should also
be taken into consideration while designing such treatment strategies.

The choice of MRD technology for monitoring will depend on how individual
centers’ priorities adjust to the specific advantages that each tool has to offer
(Table 2). In turn, extensive research is still warranted to determine how to best
integrate medullary and extramedullary MRD monitoring. In other hematological
malignancies, baseline risk-factors and MRD monitoring have an established and
complementary role to individualize treatment. Over the last two decades, several
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groups have consistently confirmed the added value of MRD in MM, and the time
has come to establish the role of baseline risk-factors plus MRD monitoring for
tailored therapy. This requires the introduction of standardized, highly sensitive,
cost-effective, and broadly available MRD techniques in clinical trials.
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Abstract

Multiple myeloma (MM) is a disease of the elderly, with a median age at
diagnosis of approximately 70 years old, and more than 30 % of patients aged
>75 years. This latter and very elderly population is going to significantly rise in
the near future given the increase in life expectancy in Western countries, and,
most importantly, global health status of elderly patients is improving, justifying
appropriate treatments. Changes in treatment paradigm from the old
melphalan-prednisone regimen used since the 1970s to its use as a backbone
in a nontransplant setting since the late 1990s have highlighted different
subgroups in elderly MM. Some “elderly” patients could be treated like
transplant eligible patients, more likely those aged between 65 and the early 70;
while a second group would rather be referred to current approved treatment
regimens for the non-transplant setting. A dose-intensity approach seems
reasonable for this group, aiming for the best response, eventually the complete
response (CR) or even minimal residual disease (MRD). The advent of novel
agents such as thalidomide, bortezomib, and most recently lenalidomide have
allowed a major improvement in outcome as compared to historical combina-
tions, and soon the novel class of monoclonal antibodies should help to further
improve these patients’ survival. Nonetheless, elderly patients are more
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susceptible to side effects and are often unable to tolerate full drug doses, and
thus require lower dose intensity regimens, or novel drugs or combinations with
more favourable safety profile. Recent developments in MM have focused on
identifying these vulnerable patients through geriatric assessment and novel
myeloma scoring system, including the notions of frailty, disability and
comorbidities. Eventually, we have reached an era in which we should be able
to provide individualized treatment strategies and drug doses—*“tailored
therapy”—to improve tolerability and optimize efficacy and ultimately survival
for most elderly MM patients.

Keyword
Newly diagnosed - Elderly - Multiple myeloma

1 Introduction

Multiple myeloma (MM) is a malignant neoplasia characterized by clonal plasma
cell proliferation, driven by intrinsic genomic abnormalities and extrinsic bone
marrow stromal cell support, associated with a monoclonal protein present in the
blood and/or urine [1]. In Western countries, MM represents 1.5 % of all malignant
diseases, with an annual age-adjusted incidence of 5.6 cases per 100,000 people [2].

MM is a disease of the elderly: median age at diagnosis is close to 70 years, with
about two-third aged > 65 years—including 34.8 % of patients diagnosed after
75 years, and 9.6 % after 85 years [2]. The number of elderly MM patients is
expected to increase over time, thanks to the increased life expectancy of the
general population, but also to the improved survival enabled by the increase use of
potent novel agents.

However, MM remains a fatal disease and its prognosis remains poor in elderly
patients, with a median overall survival of 24 months in patients aged over 75 years
at diagnosis in the US [2], and a 5-year overall survival of 26 % for the 70-79 years
old, and 14 % for the 80-99 year old in the UK [3]. There still is an unmet medical
need in this population, as early as the first relapse setting for most of them, and
even at diagnosis for the very elderly and frail; progress is therefore needed for
these patients. Still, despite the efforts in drug development and progress in
understanding the physiopathology of MM, management of elderly patients with
MM will remain challenging, because of specific clinical and biological features but
essentially because of frailty, comorbidities, financial, and psychosocial factors.

We will review current treatments, discuss various improvements in global
appreciation of the health status, and display future perspectives.
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2 Geriatric Assessment

Frailty. A precise clinical assessment is essential when treating elderly patients, as
age alone is obviously very insufficient, knowing this population is characterized by
an important heterogeneity. Several studies have showed that the “in the ballpark”
geriatric assessment drove to a certain failure in many elderly patients. The notion
of frailty has therefore been introduced to help qualify these patients characterized
by a certain risk of significant side effects during treatment—and shorter survival
due to these safety issues. It is now a consensual term, but no single sign of
symptom 1is sufficient to define it [4]. Indexes of frailty have been developed
according to several factors such as weakness, poor endurance, weight loss, low
physical activity, and slow gait speed. At least three factors should be present in
order to define a “clinically frail elderly patient”, and the presence of this “frailty”
has been identified as an independent pejorative factor in elderly adults [5]. The
different degrees of frailty are summarized in Table 1.

Comorbidities also have to be taken into account, formally defined as the con-
current presence of at least two diseases diagnosed in the same person [4]. The
frequency of individual chronic conditions, along with the incidence of comorbid
conditions, rises with age. Comorbidity is associated with polymedication and
increased risk of drug interactions. Many prognostic indices for the elderly incor-
porating comorbidity are available [6—8], but these scores are often complicated.

Disability. Disability is an important notion in geriatric assessment, and can
include both physical and mental impairments. It is defined as the difficulty or
dependency in carrying out activities essential to independent living, including both
essential personal care and household tasks, and activities that are important to
maintain a person’s quality of life [9]. Disability, independent of its causes, is
associated with a higher risk of mortality; disabled adults are more likely to become
hospitalized [10]. In patients with MM, disability can be caused by orthopaedic
problems and pain; otherwise, the main causes of physical disability in the elderly
are chronic diseases such as cardiovascular disease, stroke or arthritis [10].

Table 1 Levels of frailty and disability in elderly patients [9]

Frailty grade | Description
Very fit Active, energetic patients, who exercise regularly or occasionally
Moderately fit | Patients not regularly active beyond routinely walking

Vulnerable Patients who can perform limited activities but yet do not need help from
other people

Mildly frail Patients who need help for household tasks (shopping, walking several
blocks, managing their finances, and medications)

Moderately Patients who need partial help for their personal care (dressing, bathing,
frail toileting, eating)

Severely frail | Patients completely dependent on other people for their personal care
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Scoring system. It should therefore be mandatory to perform a geriatric assess-
ment to all elderly patients with MM, at least over the age of 70, and/or suffering
from any kind of frailty, comorbidities or disability. One might consider that these
patients should be seen and assessed by geriatricians which expertise is indis-
putable, but unfortunately this ideal assessment is rarely feasible due to the lack of
geriatricians and the increased number of elderly MM patients.

Very recently, a frailty score that combines age, comorbidities and functional
status (disability) has been proposed for elderly patients with MM [11]. In addition
to age, three tools were used: the Katz Activity of Daily Living (ADL), the Lawton
Instrumental Activity of Daily Living (IADL), and the Charlson Comorbidity Index
(CCI). In a multivariate analysis, adjusted for ISS, chromosome abnormalities and
type of therapy, a higher risk of death was observed for patients aged 75-80 years
(score —1), and over 80 years (score = 2), and for those with an ADL score <4
(score = 1), an IADL <5 (score = 1) or a CCI > 2 (score = 1). By combining the
risk scores (range, 0-5) for these variables, patients were stratified into three dis-
tinctive risk groups for overall survival: fit (score = 0), intermediate fitness
(score = 1) and frail (score >2). This frailty score could predict survival and
toxicity, as the “frail” group displayed an increased risk of death, progression,
non-hematologic adverse events and treatment discontinuation, regardless of ISS
stage, chromosome abnormalities and type of treatment [11]. The authors even
proposed an association of this frailty score with the ISS score.

Several questions remain unanswered; for instance, whether all patients should
benefit from this evaluation or only patients selected according to their age and
comorbidities. In routine practice, geriatric assessment is performed especially for
patients aged over 70-75 years and identified with comorbidities. However, if
geriatric assessment can help to better understand the precise geriatric risk that
fits each elderly patient, it could thus also be useful to identify elderly patients
(65-70 years, or even over 70) that could benefit from a “young” patient-based
therapy, if they are deemed fit enough.

3 Biologic and Cytogenetic Features

Biologic and cytogenetic features in MM are quite similar amongst the young
and the elderly. Most of the cytogenetic data collected in the past few years came
from younger, transplant-eligible newly diagnosed patients. Recently, the Inter-
groupe Francophone du Myélome (IFM) group reported on a series of 1890 elderly
patients (>65 years) [12]. Patients were classified in two groups: 66-75 years
(n = 1,239), and >75 years (n = 651), and incidence and clinical impact of three
chromosomal aberrations [del(13), #(4;14), or del(17p)] were analyzed. Interest-
ingly, they found a lower incidence of #(4; 14) and del(13) in the oldest patients,
whereas incidence of del(17p) was remarkably stable. Regardless of treatment,
both #(4; 14) and del(17p) were associated with a worse clinical outcome in this
cohort of elderly patients with MM, highlighting the importance of cytogenetic
analysis at diagnosis in all MM patients.
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However, even if some data seem to suggest that VMP (melphalan-prednisone-
bortezomib) may overcome the adverse prognosis associated with certain high-risk
cytogenetic abnormalities [13], there is no certainty yet about the optimal man-
agement of these patients.

4 Response to Therapy as Primary Goal in Elderly Patients

The primary goal in MM has always been to improve survival across all age
categories, as MM remains lethal for the vast majority of patients in a median of
5-7 years. In elderly patients, things are not always as simple: even if prolongation
of disease-free survival and overall survival remains the ultimate goal, achieving
prolonged treatment-free intervals and good quality of life have indeed also become
important aims, along with avoiding complications—especially bone disease and
thromboembolic events.

A surrogate marker to survival has long been to obtain at least VGPR (very good
partial response). More recently, deeper responses such as CR (complete response)
or even MRD (minimal residual disease) have become the optimal short-term
endpoint, highly correlated to prolonged survival, including in elderly patients. The
role of CR has indeed been evaluated in a retrospective analysis of 1175 elderly
patients with newly diagnosed MM treated with novel agents and MP [14]. In this
study, achieving CR was associated with improved progression-free survival
(PFS) and overall survival (OS). Moreover, upon using more sensitive parameters
such as serum free light-chain and multiparameter flow cytometry to define the
depth of response, the Spanish group’s prospective analysis of elderly patients
receiving novel agents showed that achieving an immunophenotypic response
translated into better PFS compared with conventional CR or stringent CR [15].

However, in older patients, settling for a lower degree of response may be
reasonable from case to case as treatment-related toxicities could outshine any
benefit derived from the achievement of a CR. Despite improvement in overall
survival, novel agents are indeed associated with adverse events that may impair
quality of life (QOL) [16], which tempers down the benefit in improvement of
MM-related symptoms such as skeletal-related events. This impairment in QOL
can, however, be transient—as seen in the VISTA trial where Bortezomib was
associated with a deterioration of the QOL indices for the first four cycles only [17].
In the absence of difference in treatment efficacy, the choice of initial treatment
should thus be based on QOL indicators in elderly patients.

5 Supportive Care

Besides specific therapies, supportive care is essential in MM and especially in
elderly patients. These patients need special attention in terms of management of
anemia, pain (with a special focus on painkillers’ adverse effects), hypercalcemia,
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bone disease (especially use of intravenous bisphosphonates), infections prophy-
laxis (crucial in elderly patients) and nutrition.

Occurrence of adverse events during treatment should also be carefully taken
into account to adjust doses and schedule.

6 Review of Current Approved First-Line Therapy

Melphalan-prednisone (MP) remained the gold standard for many years since its first
description by Alexanian in [18]. Combining MP with conventional agents such
as anthracyclines and vincristine did not improve outcome [19]; but combinations to
novel agents such as Thalidomide and Bortezomib finally led to an improvement in
overall survival. The current standards of care upfront in elderly MM patients ineli-
gible for autologous stem cells transplantation are thus MPT (melphalan-
prednisone-thalidomide) and VMP (bortezomib-melphalan-prednisone), with
derivatives in the alkylating agent-based backbone, with either cyclophosphamide
(CTD: cyclophosphamide-thalidomide-dexamethasone) [20], and bendamustine.

6.1 Thalidomide-Based Therapy

Thalidomide is particularly appealing in the elderly because of its lack of myelo-
suppression and its simple use in case of renal insufficiency, but will probably
become more and more outshined by the advent of novel generation drugs. Ludwig
et al. first showed the superiority of thalidomide-dexamethasone compared with MP
in elderly patients, and especially in the over 75 subgroup [21]. Hulin et al. in the
IFM 01/01 then reported the superiority of MPT (melphalan-prednisone-
thalidomide) over MP-placebo in patients older than 75 years with newly diag-
nosed MM [22]. A significant benefit in progression-free survival and overall
survival was indeed observed, and toxicity was acceptable with however more
grade 2—4 neuropathy and grade 3—4 neutropenia in the MPT arm. A meta-analysis
of published data from six randomized trials confirmed the improvement in
progression-free survival (PFS) and overall survival (OS) with MPT (melphalan-
prednisone-thalidomide) compared with MP [23]. The longer the treatment was
continued, the better the outcome was. The reported median PFS and OS with MPT
were 20.3 and 39.3 months, respectively. Toxicity, nevertheless, was always higher
in the MPT arm [22, 24, 25], and this regimen is likely to be dethroned by less-toxic
associations.

The combination of cyclophosphamide, thalidomide and dexamethasone
(CTD) also improved response rates compared with MP. Evidence from the
Myeloma IX trial suggested a survival benefit in CTD-treated patients with
favourable cytogenetics, although early deaths from infections related to high-dose
dexamethasone were significant [26, 27].
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6.2 Bortezomib-Based Therapy

Bortezomib has excellent activity in MM at any stage of the disease and is syn-
ergistic with other agents, which led to several combination strategies.

First developed in the VISTA trial [17, 28], the addition of twice-weekly
intravenous bortezomib to MP (VMP) is now a well-established regimen. VMP was
proven superior to MP in response rate, CR rate, median TTP (time to progression)
and OS, even over all cytogenetic and renal failure subgroups [29]. This superiority
was sustained after a median follow-up of 60 months, in terms of median time to
second-line antimyeloma therapy (31 months with VMP versus 20.5 months with
MP) and median OS (56 months versus 43 months, respectively).

Neuropathy was the major side effect of this regimen. Changes in schedule and
administration have then been made in order to reduce toxicity: the twice-weekly
schedule was replaced by a weekly schedule in 2010 based on new clinical evi-
dence [30-33] and from intravenous to subcutaneous administration in 2012 [28,
34]. Once weekly regimens are better tolerated especially in the elderly, and are
associated with reduced toxicity such as neuropathy, diarrhea, constipation and
thrombocytopenia [35]. Two schedules can however be discussed: a once weekly
regimen from the start [31], or a twice weekly regimen for the first cycle (“VISTA”
regimen) followed by a once weekly regimen for the remaining cycles [33]. It has
been shown that a higher cumulative bortezomib dose, resulting from an increased
dose/intensity or a prolonged treatment duration, is associated with improved OS
[36]. The authors propose that dose/schedule modifications—and for instance
beginning with a twice-weekly schedule, continuing therapy in responding patients,
proactive management of adverse events, and subcutaneous administration of
bortezomib, could help to achieve higher cumulative doses and maximize treatment
duration and outcomes. The subcutaneous administration of bortezomib is indeed
associated with a reduced toxicity (especially neuropathy) and similar activity [34].

Given its known efficacy and its improved safety profile, plus its easiness and in
dose adaptation, VMP has now become the most prescribed regimen worldwide
upfront for elderly MM.

6.3 Bendamustine Upfront in Elderly MM

The data on bendamustine are scarcer, but this drug is approved upfront with
prednisone in elderly patients that could not benefit from MPT or MPV because of
peripheral neuropathy. The rationale for this approval was based on a randomized
trial in which bendamustine-prednisone has been proven superior to MP [37], with
respect to CR rate (32 % vs. 13 %, p = 0.007), and with a benefit in terms of
time-to-treatment failure (14 months vs. 10 months; p = 0.020), but without any
benefit on overall survival. Bendamustine-prednisone is now an interesting option
for patients ineligibile for autologous stem cell transplantation, and ineligible for
VMP or MPT regimens.
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Bendamustine plus prednisone in combination with bortezomib is currently
being evaluated in several pilot clinical trials.

6.4 Autologous Stem Cell Transplantation (ASCT)

Although age does not affect the outcome of ASCT [38], the 65-year-old cut-off
was commonly used to determine ASCT eligibility in patients with MM for safety
reasons. However, the feasibility of ASCT is now well-established in fit patients up
to the age of 70, although it should remain a “case-per-case” decision [39]. Even if
evidence from the IFM 99-06 trial did not suggest any benefit of ASCT in this
population [24], early ASCT may nevertheless be appropriate in selected fit patients
between 65 and 70 years of age. Intermediate-dose melphalan (140 mg/m?) should
be preferred to high-dose melphalan (200 mg/m?) in this population, as retro-
spective data suggests a better safety profile and a similar efficacy [40]. Lower
doses (100-140 mg/m?) can be used for older patients.

Tandem ASCT with melphalan 100 mg/m*> (MEL100) is another option:
Palumbo et al. indeed showed that tandem MEL100 ASCT was superior to con-
ventional MP therapy, especially in patients aged 65-70 [41]. They then reported
another valuable option including tandem MEL100 ASCT for elderly patients with
MM, especially for those aged <70: 4 cycles of bortezomib-pegylated liposomal
doxorubicin-dexamethasone, tandem MEL100 ASCT, 4 cycles of lenalidomide-
prednisone consolidation, and lenalidomide maintenance until disease progression.
After a median follow-up of 66 months, this sequential approach resulted in a
median time-to-progression of 55 months, a median PFS of 48 months, a median OS
not reached and 5-year OS of 63 % [42].

ASCT in elderly patients with significantly compromised renal function should
however be avoided.

6.5 A New Standard of Care, Lenalidomide-Based

Recently, lenalidomide plus low-dose dexamethasone (Rd) has emerged as a
promising new option especially in relapsed MM, or upfront in elderly patients. It is
an attractive option for elderly patients because of its excellent tolerability, con-
venience and efficacy: amongst the patients 70 and older from the ECOG study, the
3-year OS rate was indeed 70 % [43].

The IFM2007-01/MMO20/FIRST study [44] compared lenalidomide-low dose
dexamethasone upfront in elderly MM patients, to the standard of care MPT. This
phase 3 multicenter trial randomized 1623 newly diagnosed elderly MM patients
aged 65 years or older and ineligible for ASCT, between three treatment arms:
melphalan-prednisone-thalidomide (MPT) administered for 12 cycles so 18 months,
versus lenalidomide-dexamethasone given either for 18 cycles so 18 months (Rd18)
or until progression or intolerance (continuous Rd). Lenalidomide was given at
25 mg/day for 21 days out of 28, and dexamethasone at 20 or 40 mg per week.
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Approximately, 35 % of patients included were aged over 75 years, 47-50 % had a
creatinine clearance <60 mL/min and 8-10 % <30 mL/min.

Compared with MPT, continuous Rd significantly improved PFS, and even
showed an OS benefit at the interim analysis. With a median follow-up of
37 months, median PFS was 25.5 months for Rd, compared with 20.7 months for
Rd 18 and 21.2 months for MPT. Improvement in OS was significant when
comparing continuous Rd with MPT (estimated 4-year OS, 59.4 % vs. 51.4 %,
p = 0.0168), but not when comparing continuous Rd with Rd18 (4-year OS,
59.4 % vs. 55.7 %, p = 0.307). In addition, Rd was superior to MPT across all
other efficacy endpoints, including response rate, TTP, time to treatment failure,
time to second-line antimyeloma therapy and duration of response.

Moreover, median PFS and OS achieved with MPT in the FIRST study compare
favourably with those reported in published data: median PFS of 21.2 months
versus 20.3 months in the meta-analysis, and median OS of about 46 months versus
39.3 months, respectively [23]. Rd was thus superior to MPT intrinsically, and not
because MPT was less efficient than expected in this study.

It is worth noting that evaluation of PFS2 (PFS on second-line therapy), which is
now adopted as a surrogate marker for OS and was a secondary endpoint in the
FIRST study, also showed improvement in favour of continuous Rd as compared
with MPT (HR = 0.78, p = 0.0051).

Bahlis et al. recently reported that duration of response was remarkably longer in
patients treated with continuous Rd (35 months) versus Rd18 (22.18 months,
p < 0.01) or MPT (22.3 months, p < 0.01) regardless of the depth of response, but
the benefits of continuous Rd were even more pronounced in patients who achieved
a greater depth of response. When comparing continuous Rd versus Rd18 and
MPT, median PFS was indeed not reached versus 31 and 34.7 months, respectively,
for patients in VGPR, and median PFS not reached versus 45.2 and 44.6 months,
respectively, for patients in CR [45].

Concerning the safety profile, Rd was also generally better tolerated than MPT
[44]. Interestingly, most of the adverse events—and especially infections—were
mainly imputable to dexamethasone, more than to lenalidomide itself. The inci-
dence of thromboembolic events was slightly higher in the continuous Rd arm:
8 %, versus 6 % in Rd18, and 5 % in the MPT arm. Second primary malignancies
were higher with MPT (5 %) than with continuous Rd (3 %), which is consistent
with reports suggesting that the increased risk of a second primary cancer among
patients treated with lenalidomide may be related to prior or concurrent melphalan
use. Quality of life was also assessed, and was improved in all three arms of
treatment.

Lenalidomide plus low-dose dexamethasone is thus becoming a new standard of
care upfront for MM patients ineligible for ASCT, and has been recently approved
by the EMA in this indication.

This FIRST study has pushed the boundaries of MM treatment at least twice,
defining not one but 2 new changes in treatment paradigm in elderly MM patients
upfront: for the first time an alkylator-free option is suitable for first-line therapy,
and a doublet-based regimen, supposedly safer, could prove more effective than a
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triplet-based regimen. One could foresee that some patients might never be exposed
to alkylators throughout their MM disease history in the near future. On the other
hand, one would also find of interest to compare Rd to VMP to validate the
superiority of Rd not only over MPT but over all MP-triplet-based regimens.
Indeed, the FIRST results should be interpreted with caution, as the benefit was
mainly observed in the continuous Rd arm once the continuous phase started (while
no treatment was then proposed to the other arms), and especially for responding
patients. Available data are insufficient for now to firmly recommend continuous Rd
over Rd18.

7 Continuous Treatment or Maintenance Therapy

Several studies have recently evaluated the role of continuous therapy in the form of
maintenance or continuous treatment for elderly MM patients upfront. These
approaches included:

7.1 Bortezomib-Based Treatments

e Bortezomib-thalidomide (VT) maintenance, following VMPT induction
[32, 33],

e VT or VP (bortezomib-prednisone) maintenance, following VMP or VTP
(bortezomib-thalidomide-prednisone) induction [30].

7.2 Lenalidomide-Based Treatments

¢ Lenalidomide maintenance after MPR (melphalan-prednisone-lenalidomide) in
MMO15 study [46, 47],
e Continuous Rd in the FIRST study [44].

Taken together, these studies support the role of continuous/maintenance therapy
in elderly MM patients, at least in terms of PFS and time to second-line anti-myeloma
therapy. These survival end points indeed are almost systematically prolonged
by more than one year for patients exposed to maintenance versus no treatment.

e VWith a bortezomib-based maintenance, median PFS varies from 31 to 39 months,
versus 27 months without maintenance. No significant OS benefit has been pro-
ven for now. Amongst patients achieving CR (38-42 % of patients), results are
impressive, with a median PFS of 54 months and a 5-years OS of 78 % [30].

e VWith a lenalidomide-based maintenance, median PFS varies from 25.5 to
31 months, versus 13-21.2 months without maintenance, and 3-years OS is
estimated to be 70 % versus 62-66 % without maintenance.
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Maintenance therapy did not manage to overcome the adverse prognosis of
cytogenetic abnormalities in these studies, but no increased toxicity was seen as
compared to standard therapy.

For now, lenalidomide maintenance is the only regimen that has proven safe
enough for long-term use, bortezomib having been studied only intravenously for
now. The role of subcutaneous bortezomib, novel generation proteasome inhibitors
particularly of oral form, or monoclonal antibodies in this setting is currently under
study and should pave the way for novel strategies.

Whether all elderly patients should receive a maintenance therapy, what type (for
instance monotherapy or combination), and for how long, remains an important
question that future studies should address.

7.3  Sequential Versus Alternating Therapy, Two Keywords
in One Trial: Continuous and Switch

e If VMP and Rd are now considered the two most effective regimens in the
first-line treatment of elderly MM patients, one way to further improve outcome
might be to find a way to combine all these drugs. However, this would
probably result toxic if used simultaneously. Mateos et al. recently reported
preliminary results for the GEM2010MASG65 trial, which compared a sequential
arm consisting of 9 cycles of VMP followed by 9 cycles of Rd, to an alternating
arm consisting on one cycle of VMP alternating with one Rd, up to 18 cycles, in
elderly MM patients with newly diagnosed MM [48]. These two approaches
were both very effective, and no difference was seen between the two arms:
median PFS 30 months, median OS not reached, and 3-years OS was 67 and
68 %. The safety profile was acceptable, although in a much lesser extent above
75 years old.

This study provided the best results ever reported in elderly patients upfront
compared to any other treatment approach in elderly MM; and depict what may
very much look like the introduction of continuous treatment in elderly MM
upfront. One may foresee either VMP followed by R(d) or Rd £X followed by
R(X)(d) or R(X) or X as the very likely next most used regimens for countries with
access to all drugs and able to prescribe continuous treatment. Nonetheless, so
many questions lay upon us, still.

8 Future Perspectives

Future perspectives in the treatment of elderly patients with MM include
improvement in treatment decision with geriatric assessment and optimization of
tailored therapy, favouring all-oral regimens with progress in safety profile, and
new families of drugs such as monoclonal antibodies.
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8.1 Tailored Therapy

Tailored therapy in elderly patients should begin by a geriatric assessment; for
instance using the new frailty score recently published which includes evaluation of
age, disability and comorbidities [11]. The therapy decision based on frailty should
help us propose the optimal therapy—the safer and most efficient regimen—for
each category of patients with the help of specific end-points, dose adjustments and
toxicity management recommendations.

Consensual options for first-line therapy now include VMP and the newcomer
Rd, whereas the use of MPT should decline in the near future. It is not yet possible
to officially recommend one regimen over another, although several patient- and
disease-related characteristics may suggest one approach over the other. For
instance, VMP does not lead to a risk of thrombosis but instead favours neuropathy.
Rd is an all-oral regimen, compared to VMP that needs an hospital stay for the
subcutaneous administration of bortezomib.

An important concern is also to try and improve the survival of the poor risk
elderly MM patients who currently have a very short survival, and ideally overcome
their adverse risk profile. Indeed, while we have a clear understanding of the
adverse events of each therapy and thus know which patients we should avoid
exposure to a particular treatment, little is known about efficient tailored therapy
based on the risk profile, either good or poor. In the same vein, we also need to
propose appropriate treatments options to patients with a very good risk MM, who
could benefit from an intensive treatment and tend to a prolonged survival similar to
that of matched age-related normal individuals.

8.2 Lenalidomide, a New Platform onto Which New
Regimens Are Developed, Especially
in the Elderly MM

Since the FIRST study reported the impressive results obtained with
lenalidomide-low dose dexamethasone, a two-drug based regimen, one wondered
about the efficacy of a three-drug regimen using Rd as a platform. This aspect has
actually already been anticipated, and we should soon start to contemplate the
results of the first phase 3 trials with Rd used as a platform for the studied arm,
mostly in the context of triplet-based regimens, in the upfront setting.

Ongoing studies developed in this setting include:

e Rd + proteasome inhibitor bortezomib: SWOG-SO777, versus Rd

e Rd + proteasome inhibitor carfilzomib: ECOG E1A11, versus Bortezomib +Rd

e Rd + novel generation proteasome inhibitor: Tourmaline MM2: Ixazomib,
versus Rd

e Rd + novel class of monoclonal antibodies, elotuzumab: Eloquent 1, versus Rd

e Rd + novel class of monoclonal antibodies, daratumumab: MAIA, versus Rd.
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Other lenalidomide-based combinations have already been studied, such as
lenalidomide-melphalan-prednisone (MPR), which despite a clear efficacy was
proven too toxic in elderly patients [46]. Dose-adjusted cyclophosphamide-
lenalidomide-dexamethasone (CRDa) is also under investigation by the UK group
(MRC-XI), with promising results in terms of early response and toxicity [49].

If one of these Rd-based regimens is proven effective and is approved in first-line
therapy for elderly MM patients, the choice of upfront therapy between Rd + X
compared to VMP will still have to be clarified.

8.3 Monoclonal Antibodies

Monoclonal antibodies finally arrived in the therapeutic arsenal of MM, even if
none was approved in MM so far. The recent very positive results with at least two
of them represent a major step forward in the management of MM. Two targets are
particularly promising: anti-CD38 (daratumumab and more recently SAR650984)
and anti-CS1/SLAMF7 (elotuzumab).

Great hopes are based on these antibodies, in terms of their expected ability to
strengthen the efficacy of current regimens and combinations, and also because they
are known for their very good safety profiles in the short and long term. Interest-
ingly, it is not expected for tumour cells to develop mechanisms of resistance to
these agents, which makes them even more attractive. Finally, monoclonal anti-
bodies will almost naturally combine to IMiDs (including thalidomide, lenalido-
mide and the last in line pomalidomide), the second most effective class of agents in
MM, whom immunomodulatory effect should reinforce significantly the action of
monoclonal antibodies towards tumour cells.

e (D38 is a transmembrane glycoprotein which plays a role in adhesion, sig-
nalling and intracellular calcium mobilization via enzymatic activity. It is
overexpressed on the surface of malignant plasma cells in MM, making it an
ideal therapeutic target. Daratumumab is a promising anti-CD38 monoclonal
antibody which effectively mediates destruction of CD38-expressing malignant
plasma cells. It was first tested as single agent in the GEN501 trial with
remarkable tolerance but rather modest efficacy, with an overall response rate of
35 % a median PFS of 23 weeks [50]. In the GEN503 trial, daratumumab was
tested in combination with lenalidomide and dexamethasone in relapsed or
refractory MM (RRMM). Tolerance was excellent and efficacy was outstanding,
as 75 % of patients obtained at least a very good partial response [51]. Dara-
tumumab was also tested in combination with various platforms (VD, VMP,
VTP, POM-D), which led to an overall response rate of 100 % for newly
diagnosed MM patients, and 50 % in relapsed MM [52]. Moreover, the addition
of Daratumumab was well tolerated in all evaluable patients and did not result in
significant additional toxicity.
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e SAR650984 is another anti-CD38 antibody whose association with lenalido-
mide and dexamethasone allowed an overall response rate of 64.5 % in heavily
treated patients with RRMM, and a median PFS of 6.2 months [53]. This
combination was well tolerated with impressive durable responses and warrants
further evaluation.

e FElotuzumab is an anti-CS1/SLAMF7 antibody. The exact function of CS1 (also
called SLAMF7) in MM cells is not completely understood; however, previous
reports suggest that CS1 may be involved in cell adhesion (MM cells and bone
marrow stromal cells), cell cycle regulation and other growth and survival
pathways [54]. Targeting of SLAMF7 by elotuzumab on NK cells activate NK
cells. As a single agent, Elotuzumab did not show any activity in MM despite
plasma cell target saturation at the higher elotuzumab doses studied [55].
Encouraging response rates have been observed in combination with lenalido-
mide [56] in phase 1/2 trials, and in a much lesser extent with bortezomib [57].
Impressive response rate (92 %) and median PFS (not reached at a median
follow-up of 20.8 months) have been described with elotuzumab at 10 mg/kg in
combination with lenalidomide and low-dose dexamethasone in RRMM
patients in a phase II trial [58]. Ongoing phase 3 trials are testing elotuzumab in
combination with lenalidomide and low-dose dexamethasone both in the relapse
(Eloquent 2) and the frontline setting (Eloquent 1 and 2).

Monoclonal antibodies thus seem very promising agents in MM therapy, and
their very favourable safety profile makes them ideal candidates for elderly patients.
Their exact place however remains to be determined, whether they should be used
in addition to known regimens, and/or in consolidation or maintenance setting, as
an add-on or even a backbone onto which to build upon.

8.4  Other Drugs

Other proteasome inhibitors (such as carfilzomib or ixazomib), IMIDs (pomalido-
mide), and novel families of drugs like HDAC inhibitors (panobinostat, vorinostat)
or kinesin spindle inhibitors (Filanesib) are currently under investigation in the
relapse setting, and for some of them in the upfront setting as well already, and
could become valuable options in MM management in the future.

9 Conclusion

Management of elderly patients with MM remains challenging. The availability of
novel agents such as thalidomide, lenalidomide and bortezomib has improved the
treatment options and outcome of these patients, but has also taught us about the
frailty of some of these elderly patients. For the first time achievement of CR was
not necessarily followed by a prolonged survival, if the treatment was stopped in
relation to drug toxicity profile. Out of the “battlefield” that drug development looks
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like in MM, the standards of care in first-line therapy of elderly MM patients are
VMP, and Rd for the very near future.

Other combinations, including the second and third generation of novel classes
and monoclonal antibodies, are under clinical development. Maintenance treatment
with novel agents is emerging as a new strategy to sustain disease control and delay
disease progression; however, the optimal maintenance regimen or molecule has yet
to be determined, and longer follow-up is needed to assess the optimal duration and
the OS benefit.

The optimal treatment strategy should allow a good efficacy but also a favour-
able safety profile, and quality of life needs to be taken into account especially in
elderly patients. No data are available that assess screening for vulnerability before
choosing and starting therapy for MM, but geriatric assessment should help to
develop tailored therapies for these patients in the future.
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Jacob Laubach and Shaji Kumar

Abstract

Treatment approaches for newly diagnosed myeloma have changed considerably
during the past decade, along with a better understanding of the disease
heterogeneity. Availability of new drug classes such as proteasome inhibitors
and immunomodulatory drugs, and use of these drugs in combinations have led
to higher response rates and deeper responses in the vast majority of patients
with newly diagnosed myeloma. In addition to improved efficacy, these
regimens are tolerated better than those with conventional chemotherapy drugs,
which have reduced the early mortality seen in MM, while allowing for
successful stem cell collection in patients undergoing stem cell transplant
consolidation. Ongoing clinical trials with newer drugs such as monoclonal
antibodies are being explored as options for newly diagnosed MM. The optimal
regimen continues to evolve and is often dictated by the intent to transplant, age
and comorbidities. Despite the increasing response rates seen with the new
regimens, autologous stem cell transplantation remains an effective modality for
consolidation, further deepening the responses seen with the initial therapy.
Post-transplant approaches have further added to the efficacy of this platform
with both post-transplant consolidation and maintenance demonstrating value in
clinical trials. Currently, the combination of an effective initial therapy followed
by one or two autologous stem cell transplants, with or without consolidation
followed by maintenance appear to provide the maximum benefit in terms of
duration of disease control for patients with newly diagnosed MM.
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1 Introduction

Multiple myeloma (MM) management has evolved rapidly in recent years due to
the availability of new, more effective, chemotherapeutic agents and drug combi-
nations for this disease, and as a result of these developments patient outcomes have
improved considerably. In spite of significant progress in the field, however, MM
remains incurable and most patients ultimately succumb to the disease. This
highlights the need for ongoing efforts in drug development and optimization of
clinical management at each phase of the disease, from the time of diagnosis to first
and subsequent relapses. The management of newly diagnosed disease is particu-
larly important in this respect, as this phase in the disease typically represents the
point in which the deepest and most durable response to therapy can be achieved.

2 Diagnosis and Risk Assessment

The diagnosis of multiple myeloma is based on clinical, laboratory, bone marrow,
and radiographic findings that establish the presence of a clonal population of
plasma cells in the bone marrow and/or extramedullary sites and characterize the
burden of disease. Decisions regarding therapy are predicated on the presence of
symptoms and/or organ dysfunction (hypercalcemia, renal impairment, anemia, and
bone lesions). Patients with monoclonal gammopathy of undetermined significance
(MGUS) or smoldering multiple myeloma (SMM) have traditionally been observed
without systemic chemotherapy.

Risk assessment is a critical aspect of the diagnostic evaluation as it informs
prognostication and influences treatment decisions. Chromosomal analysis using
metaphase cytogenetics and fluorescence in situ hybridization (FISH) [1] and the
International staging system stage [2] are at present the most important determi-
nants of prognosis. Chromosomal abnormalities t(4;14), t(14;16), t(14;20), dell7p,
gain (1q), and del(1p) have been associated with high-risk disease, as has ISS stages
IT and III [3, 4]. Other factors associated with high risk include plasma cell leu-
kemia, plasmablastic myeloma, renal failure, and extramedullary disease. Gene
expression profiling (GEP), where available, is useful in risk assessment as well [5,
6].
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3 General Approach to Newly Diagnosed MM
in Transplant-Eligible Patients

Systemic therapy is initiated with the intent of reducing tumor burden to a minimal
state and preserving organ function while minimizing toxicities associated with
chemotherapy. Induction regimens typically incorporate two to four agents with
distinct and synergistic mechanisms of anti-myeloma activity. Chemotherapy is
preceded in certain situations such as pathologic fracture of a long bone or spinal
plasmacytoma by surgical intervention or radiation therapy.

Induction therapy is typically administered over a 3-5 month period prior to
stem cell mobilization and harvest. Following stem cell collection, the patient can
proceed with consolidation with high-dose therapy and autologous stem cell
transplantation (ASCT) or, alternatively, store stem cells, and defer transplant until
a later point. Patients who opt against immediate ASCT typically resume induction
therapy to complete 6—8 months of induction therapy in total, at which point the
patient can proceed with maintenance therapy until disease progression or be
observed without systemic therapy until time of disease progression.

4 Treatment Options for NDMM in Transplant-Eligible
Patients

4.1 Two-Drug Regimens

4.1.1 Thalidomide-Dexamethasone

Thalidomide (thal) has been largely supplanted in the United States by the second
generation Immunomodulatory Drug (IMiD) lenalidomide (len) in newly diagnosed
MM due to lenalidomide’s greater potency and more favorable side effect profile.
However, thalidomide remains an important option for management of newly
diagnosed patients in regions of the world where lenalidomide is not available for
frontline therapy.

Thalidomide-dexamethasone (thal-dex) was evaluated in a randomized, phase III
trial comparing this combination to dexamethasone alone [7]. Thal was given
continuously and dose escalated from 50 to 100 mg in cycle 1 and to 200 mg at
cycle 2 and beyond, while dex was given in both arms at 40 mg in 4-day pulses
days 1-4, 9-12, and 17-20 of each 28 day cycle. Thal-dex was associated with
superior overall response rate (ORR = partial response or better) (63 vs. 46 %) and
time to progression (TTP) (22.6 vs. 6.5 months). Grade 3/4 toxicities were more
common with the combination, and included deep venous vein thrombosis
(DVT) (11.5 vs. 1.7 %), pulmonary embolism (6.8 vs. 1.7 %), and peripheral
neuropathy (3.4 vs. 0 %). With appropriate supportive care, including anticoagu-
lation and dose reduction for neuropathy, the thalidomide-dexamethasone regimen
can, as noted previously, be considered a suitable regimen for upfront therapy in
regions where lenalidomide is not available.
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4.1.2 Lenalidomide-Dexamethasone

Lenalidomide-dexamethasone (len-dex) is an effective and well-tolerated regimen
for newly diagnosed MM. In a phase II trial involving 34 patients who received len
25 mg daily on days 1-21 of a 28 day cycle plus dex 40 mg on days 1-4, 9-12, and
17-20, the ORR among evaluable patients was 91 %, the 2-year time to progression
(TTP) 71 %, and 2-year TTP among patients who proceeded to transplant following
len-dex induction was 83 %. Stem cell collection was adequate in all patients who
underwent stem cell harvest, with a median CD34 cell count of 7.9 X 10°. Grade
3/4 toxicities included fatigue, neutropenia, and pneumonitis.

A subsequent, randomized phase III trial compared len plus high-dose dex
(len-Dex) (40 mg given in 4 day pulses over 28 day cycle) to len-low-dose dex
(len-dex) (40 mg once weekly). The primary endpoint was response rate after four
cycles. Although the ORR was superior in the high-dose dexamethasone group (81
vs. 70 %), overall survival (OS) was superior in the low-dose dex arm (96 vs.
87 %) owing to a lower incidence of high-grade toxicities as well as deaths on
therapy in the group who received low-dose dex.

The rate of peripheral neuropathy associated with len is low, making the agent an
attractive option for patients with significant preexisting neuropathy. Aspirin is
administered in conjunction with len to decrease the incidence of therapy-associated
venous thromboembolic events (VTE), while anticoagulation is recommended for
individuals who are at high risk for or have a prior history of DVT/VTE. Prolonged
exposure to len prior to stem cell mobilization is not advised, as this can impair
stem cell collection [8, 9]. Rash related to len is relatively common but typically is
mild and responds to brief interruption of therapy and use of supportive measures
such as topical corticosteroid and antihistamine [10].

4.1.3 Bortezomib-Dexamethasone

The efficacy of bortezomib (bortez) plus dex was demonstrated in a randomized
phase III study comparing it to what had previously been a standard of care for
induction therapy in transplant-eligible patients with newly diagnosed MM, vin-
cristine plus doxorubicin and dexamethasone (VAD) [11]. Bortez-dex was superior
to VAD with respect to post-induction ORR (78.5 vs. 62.8 %), very good partial
response (VGPR) or better (37.7 vs. 15.1 %), and complete response (CR) plus near
CR (nCR) (14.8 vs. 6.4 %). Of note, a higher rate and depth of response was
observed with bortez-dex in high-risk subgroups, including patients with ISS 2 or 3
disease, where there was a higher rate of VGPR or better as well as CR/nCR, and
patients with high-risk cytogenetics (either t(4;14) or dell7p), where there was a
higher rate of VGPR or better.

The well-known neurotoxicity of bortez is dose dependent and typically affects
long, thinly myelinated sensory nerves, although motor and autonomic neuropathy
can occur as well. Herpes zoster reactivation is also a known complication of
bortez, and antiviral prophylaxis is strongly recommended for patients receiving the
agent. Thrombocytopenia occurs frequently in association with bortez, is cyclical
and thus predictable, and typically resolves prior to a subsequent cycle of therapy.
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Itis feasible to administer subcutaneous (SC) rather than intravenous (IV) bortez in
combination with dex as induction therapy based on data from a phase III clinical trial
comparing the two formulations in the setting of relapsed MM that showed non-
inferior efficacy and a more favorable toxicity profile associated with SC bortez [12].

4.2 Three- and Four-Drug Regimens

The rationale for regimens that incorporate three or more agents derives from
preclinical studies demonstrating synergy between the various drug classes
employed in the treatment of MM, namely the IMiDs, proteasome inhibitors,
alkylating agents, and anthracylines [13]. Clinical trial experience suggests such
regimens improve the overall rate of response as well as depth of response to
therapy. However, the improvement in response associated with these regimens
may come with the cost of greater toxicity, a factor that likewise influences deci-
sions regarding therapy for NDMM.

4.2.1 Cyclophosphamide-Bortezomib-Dexamethasone
Cyclophosphamide-bortezomib-dexamethasone (cy-bortez-dex) is an active, well
tolerated, and widely used regimen for induction therapy for patients with newly
diagnosed MM. In a phase II study, 33 patients with NDMM received oral cy
300 mg/m2 days 1, 8, and 15; IV bortez 1.3 mg/m2 days 1, 4, 8, and 11; and dex
40 mg days 1-4, 9-12, and 17-20 in a 28 day cycle [14]. The rate of PR or better
was 88 %, VGPR or better 61 %, and CR/nCR 39 %. Responses were rapid,
evidenced by a mean 80 % decline in M-protein concentration after two cycles of
therapy. Stem cell collection was successful in all patients who proceeded with stem
cell harvest following induction. Grade 3/4 toxicies included thrombocytopenia
(25 %), neutropenia (13 %), anemia (12 %), thrombosis (7 %), and neuropathy
(7 %).

The randomized, phase II EVOLUTION trial compared cy-bortez-dex to
len-bortez-dex and cy-len-bortez-dex. Patients in the cy-bortez-dex arm received cy
500 mg/m2 days 1 and 8; IV bortez 1.3 mg/m2 days 1, 4, 8, and 11; and dex
40 mg days 1, 8, and 15 in a 21 day cycle during induction. The schedule was
modified during the study to add an additional dose of cy on day 15. In the original
cohort of 33 patients, the ORR of PR or better across all cycles was 75 %, rate of
VGPR or better 41 %, and CR rate 22 %. Among the 17 patients who received
cy-bortez-dex on modified schedule, the ORR across all cycles was 100 %, rate of
VGPR or better 53 %, and CR rate 47 %. The rate of grade 3/4 neutropenia was
24-30 %, thrombocytopenia 12 %, and neuropathy 9-18 %.

4.2.2 Bortezomib-Thalidomide-Dexamethasone

The bortezomib-thalidomide-dexamethasone (bortez-thal-dex) regimen has been
evaluated in two phase III trials. In one study, patients with newly diagnosed
disease were randomized to thal 100/200 mg daily and dex 40 mg days 1, 2, 4, 5, 8,
9, 11, and 12 of a 28 day cycle with or without IV bortez 1.3 mg/m? days 1, 4, 8,
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and 11 followed by tandem autologous transplantation, two cycles of consolidation
with the same regimen received during the induction phase, and long-term term dex
maintenance therapy [15]. The three-drug regimen was associated with superior
rates of overall response, VGPR, nCR/CR, and CR at all phases of treatment. PFS
at 3 years was 68 % with bortez-thal-dex and 56 % in the arm that received
thal-dex. The 3-year overall survival rate was 86 % with bortez-thal-dez and 84 %
with thal-dex. Grade 3/4 adverse events occurred in 56 % of patients receiving
3-drug therapy versus 33 % among patients receiving thalidomide-dexamethasone.
The rate of grade 3/4 neuropathy with the bortez-thal-dex combination was 10 %.

In another phase III trial, bortez-thal-dex was compared to thal-dex and vin-
cristine, BCNU, melphalan, cy, prednisone/vincristine, BCNU, doxorubicin,
dex/bortezomib (VBMCP/VBAD/B) in patients with NDMM who received
induction therapy followed by autologous transplantation and maintenance therapy
[16]. Bortez-thal-dex produced the highest ORR (85 %) and CR rate (35 %), as
well as the longest median PFS (56.2 months).

4.2.3 Lenalidomide-Bortezomib-Dexamethasone
Lenalidomide-bortezomib-dexamethasone (len-bortez-dex) is also highly active and
widely utilized in newly diagnosed patients. In a phase I/II study, the maximum
tolerated dose (MTD) was established at len 25 mg days 1-14; IV bortez
1.3 mg/m2 days 1, 4, 8, and 11; and dex 20 mg on the day of and day following
bortez in a 21 day cycle [17]. In the phase II portion of the study, the rates of PR,
VGPR, and nCR/CR were 100, 74, and 52 %, respectively. Important adverse
events included neuropathy, rash, neutropenia, and thrombocytopenia. The rate of
thrombotic events was 11 %.

In a subsequent phase II study, 31 patients with newly diagnosed MM received
three cycles of len-bortez-dex induction with len 25 mg days 1-14; IV bortez
1.3 mg/m* day 1, 4, 8, and 11; and dex 40 mg days 1, 8, and 15 of a 21 day cycle,
followed by autologous transplantation, two cycles of len-bortez-dex consolidation,
and thereafter lenalidomide maintenance. The ORR after induction was 93 %,
including a nCR/CR rate of 23 %. Rates of nCR/CR after autologous transplan-
tation and consolidation were 47 and 50 %, respectively. The estimated 3-year rates
of PES and OS were 77 and 100 %. None of the 21 patients who received MRD
negativity progressed during the 3-year follow-up period. The rate of
treatment-related neuropathy was 55 %, although there were no instances of grade 3
or 4 neuropathy. Stem cell collection was successful in all but one patient. Five
patients in the study required a second collection with plerixafor and G-CSF to
achieve the 2 X 10° CD34 cells/kg required for transplantation.

4.2.4 Carfilzomib-Lenalidomide-Dexamethasone

Carfilzomib-lenalidomide-dexamethasone (Carfilz-len-dex) is a potent combination
for which there is expanding experience in the management of newly diagnosed
MM. In a phase I/II trial, patients received four cycles of induction with carfilz
20/27/36 mg/m2 days 1, 2, 8, 9, 15, and 16; len 25 mg days 1-21; and dex
40/20 mg weekly in a 28 day cycle, followed by stem cell mobilization and harvest.
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Patients then continued with induction therapy to complete 8 cycles of therapy
followed by maintenance, noting that patients had the option to proceed with
transplant after four cycles [18]. Carfilzomib 36 mg/m? was utilized in the phase I
portion of the study. The rates of overall response and nCR or better after four
cycles were 100 and 67 %, and the rate of nCR or better improved to 78 % after
eight cycles. The quality and depth of response appeared similar in patients with
standard and high-risk disease. Grade 3/4 adverse events included thrombocy-
topenia, anemia, neutropenia, hypophosphatemia, elevated liver function tests, and
dyspnea. While peripheral neuropathy occurred in 23 % of patients, there were no
instances of grade 3/4 neuropathy.

In a subsequent phase II study, patients with previously untreated smoldering or
overt MM received eight cycles of induction therapy with carfilz 20/36 mg/m?; len
25 mg days 1-21; and dex 20/10 mg days 1, 2, 8, 9, 15, 16, 22, and 23 of 28 day
treatment cycles, followed by maintenance with lenalidomide for 2 years [19].
Transplant-eligibile patients underwent stem cell collection after four cycles of
therapy. Among patients with overt MM, the ORR was 98 % after eight cycles,
with a rate of CR or sCR of 43 %. Among 30 patients who achieved CR and
underwent minimal residual disease (MRD) assessment, the rate of MRD negativity
was 97 %. In addition to expected hematologic toxicities, there was a significant
degree of pulmonary, cardiac, and vascular toxicity, as 58 % of patients experi-
enced pulmonary toxicity (including 16 % grade 3/4), 38 % experienced cardiac
toxicity (including 11 % grade 3), and 56 % experienced vascular toxicity (in-
cluding 13 % grade 3/4).

4.2.5 Bortezomib-Doxorubicin-Dexamethasone

The efficacy of this regimen was established in a phase III study in which 827
patients were randomized to either bortez-doxorubicin-dex or vincristine-
doxorubicin-dex induction followed by autologous transplant with high-dose mel-
phalan conditioning [20]. Patients randomized to bortez-doxorubicin-dex received
post-transplant maintenance with bortezomib every other week for 2 years, while
patients randomized to vincristine-doxorubicin-dex received maintenance with
thalidomide 50 mg daily for 2 years. The bortezomib-containing treatment arm was
associated with a higher rate of CR plus nCR after induction (31 vs. 15 %) and
following bortezomib maintenance (49 vs. 34 %); superior PFS (35 vs. 28 months);
and improved OS. Notably, significant benefit with bortezomib-containing therapy
was observed in high-risk patients, including those with renal impairment defined as
serum creatinine greater than 2 mg/dl and those harboring deltion 17pl3.
High-grade peripheral neuropathy occurred more frequently in patients who
received bortezomib.

4.2.6 Cyclophosphamide-Bortezomib-
Lenalidomide-Dexamethasone

The four-drug cy-len-bortez-dex regimen is typically reserved for patients with

high-risk MM. Doses and schedule of the agents included can be based on the

aforementioned EVOLUTION trial, in which treatment was given in 21 day cycles
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with cy 500 mg/m? on days 1 and 8; len 25 mg days 1-14; bortez 1.3 mg/m? days
1,4, 8, and 11; and dex 40 mg days 1, 8§, and 15 [21]. Reduction in the frequency
of bortez to weekly on days 1, 8, and 15 as well as subcutaneous administration
enhance tolerability of the regimen.

It is noted that although the EVOLUTION trial was not powered to formally
compare response rates between the regimens evaluated, response rates appeared
similar among patients who received cy-len-bortez-dex versus those who received
the three drug regimens of either len-bortez-dex or cy-bortez-dex. Moreover,
hematologic toxicities—particularly neutropenia and febrile neutropenia—were
more frequent with cy-len-bortez-dex. In addition, two patients died during the
course of the study, both were in the four-drug cy-len-bortez-dex group and resulted
from renal failure.

5 Choice of Initial Therapy

Given the increasingly broad range of options for induction therapy in patients with
newly diagnosed disease, the choice of initial treatment has become more complex.
Choice of therapy must take into account various factors, including prognostic
factors, such as ISS stage, cytogenetics, and, if available, genomic findings; the
nature and extent of MM-associated organ impairment; the presence of extensive
extramedullary disease; the presence of comorbid conditions such as peripheral
neuropathy, diabetes, or heart failure; as well as patient preferences regarding the
mode of treatment administration.

Patients with high-risk disease based on ISS stage or genetic analysis are best
treated with a three-drug regimen such as cy-bortez-dex, len-bortez-dex, or
carfilz-len-dex. Highest risk patients such as those with 17p deletion are ideally
treated with a regimen that incorporates agents with the highest degree of
anti-myeloma activity, namely a proteasome inhibitor and IMiD. Currently avail-
able data indicate carfilz-len-dex may be an ideal choice for the patient with
ultra-high-risk disease-based depth of response to therapy, although prospective
data from randomized trials evaluating this regimen in the upfront setting are not yet
available. Other three-drug regimens incorporating proteasome inhibitor and IMiD
such as len-bortez-dex or bortezomib-thal-dex are also very appropriate choices in
this context.

Bortezomib-containing regimens such as bortez-dex and cy-bortez-dex are
appropriate for patients with significant renal dysfunction at the time of diagnosis,
including those who have documented AL amyloidosis occurring in association
with MM, as bortezomib is generally well tolerated and effective in terms of
reversing renal impairment [22]. Len can be employed in patients with renal
impairment as well but requires dose modification in this context. Carfilzomib can
likewise be administered to individuals with renal impairment, including those
receiving dialysis, with dose reduction to 15 mg/m? in cycle 1 and increase in dose
to 20 and 27 mg/m? in subsequent cycles of the agent is tolerated [23].
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Patients with significant preexisting peripheral neuropathy benefit from regimens
that are minimally neurotoxic. Ideal options in this respect include len-dex and
carfilz-len-dex, as both len and carfilz are associated with a relatively modest degree
of neurotoxicity in comparison to agents such as bortezomib and thalidomide.

The presence of extensive extramedullary involvement poses a significant
clinical challenge, and warrants use of a three-or four-drug regimen. Several reports
have suggested that bortezomib is effective in this context [24, 25], though other
reports have described instances of bortezomib resistance [26] highlighting the
rationale for multi-drug combination regimens in this context.

Individuals with primary plasma cell leukemia (PCL) are treated with three-or
four-drug regimens that incorporate bortezomib, a practice based on several strudies
demonstrating benefit with this approach [27-29]. Options in this regard include
bortez-thal-dex, len-bortez-dex, and bortez-doxorubicin-dex. Regimens incorpo-
rating carfilzomib such as carfilz-len-dex are likely to be effective as induction
therapy in cases of primary PCL. Such patients should proceed rapidly from
induction therapy to intensification with high-dose therapy and autologous trans-
plant followed by consolidation and maintenance.

6 Stem Cell Transplantation in MM

High-dose therapy and autologous stem cell transplantation (ASCT), is a widely
accepted consolidation approach in myeloma following initial therapy of newly
diagnosed disease in patients eligible to undergo the procedure. Several randomized
trials have demonstrated an advantage for SCT compared to conventional therapy
alone and formed the basis for this approach [30, 31]. As has been described in the
earlier sections, use of these new drugs in combinations has led to response depth
that rivals those seen with ASCT [32-34]. These results have led to an intense
debate regarding the current role of SCT [35].

High-dose therapy for management of MM was introduced over two decades
ago based on the ability of high doses of chemotherapy to overcome innate and
acquired drug resistance, albeit primarily alkylator resistance. Based on the
favorable results from several randomized trials, this modality was rapidly incor-
porated into the treatment algorithm of the younger patients [30, 31, 36]. While the
initial trials laid the foundation for ASCT approaches for myeloma, subsequent
trials and large single arm studies have systematically refined the role of this
approach. The initial French trials and the MRC VII trial demonstrated an increased
response depth and duration and overall survival for ASCT compared to conven-
tional therapies used at that time, mostly alkylator and steroid-based combination
regimens. The details of the trials comparing SCT to conventional therapy are
detailed in Table 1. However, the randomized trials that allowed for delayed use of
ASCT following failure of conventional therapies and those limited to chemo
sensitive patient populations failed to demonstrate a benefit for ASCT. Furthermore,
a randomized trial specifically asking the question of timing of ASCT suggested
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Table 1 Clinical trials comparing ASCT to conventional therapies

Study Randomization Patients ORR CR PES OS
(W) (%) | (%)

Attal et al. ASCT: (4-6 alternating cycles of 100 81 22 |28 57

(IFM 90) [30] VMCP and BVAP followed by Mel month | month

(140 mg/m?) and TBI (8 Gy)
CCT (alternating cycles VMCP and 100 57 5 18 44

BVAP for 12 months) month | month
Child et al. ASCT: melphalan (200 mg/mz) or 200 86 44 316 54.1
(MRC VII) melphalan (140 mg/mz) + TBI; IFN month | month
[31] maintenance
CCT (4-12 cycles): ACMC; IFN 201 48 8 196 423
maintenance month = month
Fermand et al. ASCT: lomustine, VP16, 91 78 57 39 65
(MAG90) cyclophosphamide, melphalan + TBI month  month
[40] CCT: VMCP to plateau 94 58 20 13 64
month  month
Fermand et al.  ASCT: melphalan (200 mg/m?) or 94 59 6 253 478
(MAG9I1) melphalan + busulfan month ' month
(371 CCT: VMCP 96 56 4 187 476
month | month
Barlogie et al.  ASCT: melphalan 261 93 17 17% 38 %
(S9321) [38] (140 mg/mz) + TBI, followed by 7 7
randomization to IFN maintenance year) | year)
CCT: VMCP followed by 255 90 15 14% 38%
randomization to IFN maintenance 7 7
year) | year)
Blade et al. ASCT: melphalan (200 mg/mz) or 81 82 30 42 66
(PETHEMA) melphalan (140 mg/mz) + TBI; IFN month = month
[39] maintenance
CCT: VBMCP alternating with 83 83 11 33 61
VBAD; IFN maintenance month  month
Palumbo et al. ' ASCT: melphalan (100 mg/m?) X 2 95 72 25 28 58
(MMSG) [36]  ccT: melphalan + prednisone 99 66 6 16 42

ASCT autologous stem cell transplantation; CCT conventional chemotherapy; CR complete
remission; ORR overall response rate; OS overall survival; PFS progression-free survival; TBI total
body irradiation

VMCP vincristine, melphalan, cyclophosphamide, prednisone; BVAP vincristine, carmustine,
doxorubicin, prednisone; ACMC Adriamycin, cyclophosphamide, melphalan, carmustine
VBMCP-BCNU, vincristine, melphalan, prednisone; VBAD vincristine, BCNU doxorubicin,
dexamethasone

that frontline ASCT and ASCT used at the time of first relapse were associated with
similar overall survival [37—40]. However, use of early ASCT was associated with a
longer time without therapy and symptoms, a good surrogate for improved quality
of life. This paradigm appears to hold true today as was shown in a single institution
study comparing outcomes of patients getting novel agent-based induction followed
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by early or delayed stem cell transplant. This question is being prospectively
addressed in a large phase 3 trial. While the overall utility of ASCT continue to be
debated in the current era, a recent Italian trial showed better outcome with
transplant-based approach compared with non-transplant consolidation, both in the
setting of IMiD-based induction therapy [41]. Palumbo et al. randomly assigned
273 patients 65 years of age or younger to high-dose melphalan plus stem cell
transplantation or MPR consolidation therapy after induction, and 251 of the
patients to lenalidomide maintenance therapy or no maintenance therapy after
ASCT. Both progression-free and overall survivals were significantly longer with
high-dose melphalan plus stem cell transplantation than with MPR.

Subsequent clinical trials and retrospective studies further allowed us to define
the selection of patients, conditioning therapy and post-transplant consolidation,
and maintenance strategies. The question of the ideal conditioning therapy was
specifically addressed in an IFM trial, which showed better outcome when
high-dose melphalan was used alone (without TBI) and has led to this being the
current standard [42]. Other smaller trials have explored alternate approaches to
conditioning such as BuCy, but concerns regarding toxicity remain. Recent studies
are exploring the potential benefit of integrating novel agents into the conditioning
regimens pre-ASCT. In a phase 2 trial the French added four doses of bortezomib to
standard high-dose melphalan, which was well tolerated, and when compared with
historical controls had deeper responses. Another phase 2 trial also explored the
same approach, though with a slightly different bortezomib schedule and demon-
strated excellent efficacy. Carfilzomib also has been integrated into the conditioning
regimen with no safety issues. While the randomized trials included patients
younger than 65, studies suggest similar benefits for older patients who are con-
sidered eligible to undergo the procedure [43, 44]. Renal insufficiency is common at
diagnosis and patients with compromised renal function also can benefit from
ASCT, if they are otherwise considered eligible [45]. Unlike other malignancies,
response to preceding chemotherapy is not a prerequisite for consideration of ASCT
in myeloma. In fact patients, refractory to initial therapy of their disease can derive
comparable benefits from ASCT as those responding to the pre-ASCT regimen
[46]. Given this scenario, ASCT has been considered the standard of care for
patients with myeloma who are eligible. Single institution studies as well as
population-based studies suggest that ASCT played a significant role in the
improved survival seen among patients with myeloma in the recent two decades.

7 Role of Second ASCT

A second ASCT can be considered for management of MM either as consolidation
therapy soon after the first ASCT (Tandem ASCT) or as salvage therapy in patients
relapsing after previous ASCT. Investigators at the University of Arkansas initially
reported on the use of sequential ASCT in their Total Therapy I protocol, which
consisted of a series of induction regimens and two cycles of high-dose therapy.
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Table 2 Clinical trials comparing double ASCT to single ASCT

Study Randomization Patients ORR ' CR (%) EFS OS
N) (%)

Barlogie Total therapy 123 86 40 49 62

et al. [83] months  months
Single ASCT (Historical 116 52 NA 22 48
controls) months months

Attal et al. Double (VAD followed by 200 88 50 30 58

[47] ASCT1 with Mel (CR + VGPR) months months

140 mg/m?, ASCT2 with
Mel 140 mg/m? and TBI)

Single (VAD followed by 199 84 42 25 48
ASCT with Mel 140 mg/mz) (CR + VGPR) months months
Cavo et al. Double (VAD followed by | 158 NA 47 35 71
[48] ASCT1 with Mel (CR + nCR) | months months

200 mg/m?, ASCT2 with
Mel 120 mg/m? with
busulfan (12 mg/kg))

Single (VAD followed by 163 NA 33 23 65
ASCT with Mel 140 mg/mz) (CR + nCR) | months months
Sonneveld Double: VAD followed by | 155 90 13 22 55
et al. [49] IDM (Mel 70 mg/m2 X 2) months = months

followed by
CT X 120 mg/Kg +TBI

Single: VAD followed by 148 86 28 20 50
IDM (Mel 70 mg/m2 X 2) months months
Fermand  Double: VAD followed by 99 NA 39 ND ND
et al. [SO]  ASCT1 with Mel (CR + VGPR)

140 mg/m?, followed by

ASCT?2 with Mel

140 mg/m?, Etoposide

30 mg/kg, TBI (12 Gy)

Single: VAD followed by 94 NA 37 ND ND

ASCT 1 carmustine, (CR + VGPR)

etoposide, Mel 140 mg/m?,

CT X 60 mg/kg, TBI

(12 Gy)
ASCT autologous stem cell transplantation; CR complete remission; ORR overall response rate; OS
overall survival; EFS event-free survival; TBI total body irradiation
Total Therapy VAD followed by HDCTX (high-dose cyclophosphamide) and GM-CSF for PBSC
collection, EDAP (etoposide, dexamethasone, cytarabine, cisplatin) followed by first ASCT with
MEL 200. If sustained partial remission (PR) or CR, a second ASCT with MEL 200 was
performed followed by Interferon (IFN) maintenance

Several randomized trials have since directly addressed the question of single
versus double upfront transplants (Table 2). In the IFM-94 trial the event-free
survival (20 vs. 10 %) and the overall survival (42 vs. 21 %) at 7 years
post-transplant doubled with addition of the second ASCT, despite no major
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improvement in the combined CR and VGPR rate with double transplant (50 vs.
42 %) [47]. The benefit was mostly restricted to those not achieving a VGPR with
the first ASCT. In the Bologna, 96 trial addition of a second HDT prolonged time to
progression by 17 months with no clear OS improvement [48]. As with IFM94,
patients failing to achieve a CR or nCR after the first HDT obtained the maximum
benefit. Similarly, the HOVON24 trial also showed prolonged EFS for double
ASCT without any improvement in the OS, while the MAG95 trial did not have
improvement in either EFS or OS with the double ASCT [49, 50]. A meta-analysis
of the tandem trials, tandem AHCT did not improve OS or event-free survival
despite a significant increase in response rate and was associated with a statistically
significant increase in TRM [51].

The role of a second transplant as salvage therapy after previous transplants has
been reported in single institution studies and in a small prospective trial from UK
[52, 53]. In a report of 172 patients relapsing after one ASCT, 54 patients received a
second ASCT and the rest received salvage chemotherapy. While there was a trend
toward improved OS with repeat ASCT, there was no benefit for those relapsing
<18 months from the initial ASCT with median survival <6 months compared to
3 years for those with a longer response from first ASCT. An EBMTR analysis of
“planned” sequential transplants (presumed tandem) or “unplanned” (presumed
salvage) showed a median survival from ASCT of 60 months for the planned group
versus 51 months for the rest (P = 0.05) [54]. We recently examined the outcomes
in 98 patients undergoing salvage auto-SCT (auto-SCT2) for relapsed MM after
receiving an initial transplant (auto-SCT1) between 1994 and 2009. The median
PFS from auto-SCT2 was 10.3 months and the median OS from auto-SCT2 was
33 months. Only a shorter TTP after auto-SCT1 predicted for a shorter OS post
auto-SCT2. It is clearly a reasonable approach for patients with relapsed disease,
especially those who had an excellent response and disease stabilization with their
initial ASCT.

8 Post-Transplant Maintenance Approaches in MM

The majority of patients undergoing ASCT will eventually have disease progression
and in particular patients with high-risk genetic abnormalities are likely to relapse
even faster. Multiple approaches have been explored for improving the risk of
relapse post-ASCT and have been termed as either consolidation or maintenance,
with the distinction between the two approaches remaining unclear.

Initial attempts in the 1960s to early 1980s with single agent corticosteroids,
continuous  conventional chemotherapy or interferon often improved
progression-free survival but with inconsistent impact on overall survival [55-62].
The Myeloma Trialists” Collaborative Group subsequently performed a
meta-analysis which evaluated the benefits of interferon as an induction and
maintenance therapy; including 24 trials and 4012 patients [63]. During induction,
response rates were slightly better with interferon (57.5 vs. 53.1 %). PFS was better
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with interferon (33 vs. 24 % at 3 years), an effect seen in both induction and
maintenance portions. Median time to progression was increased by about
6 months in both settings. OS was also better with interferon (53 vs. 49 % at
3 years) with median survival improvement of 4 months. This benefit was however
restricted to the smaller trials and was associated with considerable toxicity. With
the introduction of new drugs such as IMiDs and proteasome inhibitors, attention
was turned towards exploring the potential of these drugs for maintenance therapy.

8.1 Thalidomide

Thalidomide was the first immunomodulatory agent that showed efficacy in the
treatment of MM [32, 64]. It has been studied as a maintenance therapy in clinical
trials, either as a single agent or combined with corticosteroids or other agents with
varying efficacy. Attal et al. conducted a randomized trial of maintenance treatment
with thalidomide and pamidronate. In the IFM trial (IFM 99-02), 2 months after
high-dose therapy, 597 patients younger than age 65 years were randomly assigned
to receive no maintenance (arm A), pamidronate (arm B), or pamidronate plus
thalidomide (arm C). Overall, 55 % of patients in arm A, 57 % in arm B, and 67 %
in arm C achieved a complete or very good partial response. Both 3-year event free
survival and 4-year overall survival rates were significantly better in thalidomide
maintenance group compared to other two groups [65]. Barlogie et al. randomized
668 patients to receive thalidomide until disease progression or unacceptable side
effects. After a median follow-up of 42 months the thalidomide and control groups
had 5-year event-free survival rates of 56 and 44 %. The 5-year rate of overall
survival was approximately similar in both groups. Severe peripheral neuropathy
and deep-vein thrombosis was seen more often in thalidomide group [66]. In MRC
IX trial, 820 newly diagnosed MM patients were randomized to open-label
thalidomide maintenance until progression, or no maintenance. Median PFS was
significantly longer with thalidomide maintenance, but median OS was similar
between regimens. Patients with favorable FISH showed improved PES and a trend
toward a late survival benefit. In contrast, those with adverse FISH abnormalities
receiving thalidomide showed no significant PFS benefit and “worse” OS [67, 68].
In the HOVON-50 trial, 556 patients was randomly assigned to three cycles of
vincristine, Adriamycin, and dexamethasone (VAD), or arm thalidomide 200 mg
orally, continuously, plus Adriamycin and dexamethasone (TAD). After induction
therapy and stem cell mobilization, patients received high-dose melphalan,
200 mg/m?, followed by maintenance with alpha-interferon or thalidomide 50 mg
daily. Thalidomide significantly improved overall response rate and significantly
prolonged progression-free survival from median 25 to 34 months. Median overall
survival was longer in the thalidomide arm, although not statistically significant (73
vs. 60 months) [69]. Stewart et al. reported a randomized, controlled trial com-
paring thalidomide-prednisone as maintenance therapy with observation in 332
patients who had undergone autologous stem cell transplantation with melphalan
200 mg/m2 (MY 10 trial). With a median follow-up of 4.1 years, no differences in
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OS between thalidomide-prednisone and observation were detected; thalidomide-
prednisone was associated with superior myeloma-specific progression-free sur-
vival and progression-free survival (4-year estimates were 32 vs. 14 %) and more
frequent venous thromboembolism (7.3 % vs. none). Those allocated
to thalidomide-prednisone reported worse HRQoL with respect to cognitive func-
tion, dyspnea, constipation, thirst, leg swelling, numbness, dry mouth, and balance
problems [70]. Spencer et al. examined if the addition of 12 months thalidomide
consolidation following AHSCT would improve the durability of responses
achieved and overall survival. Post-ASCT, 129 patients were randomly assigned to
receive indefinite prednisolone maintenance therapy (control group) and 114 to
receive the same in addition to 12 months of thalidomide consolidation (thalido-
mide group). After a median follow-up of 3 years, 3-year PES rates were 42 and
23 %and the OS rates were 86 and 75 % in the thalidomide and control groups,
respectively. There was no difference in survival between groups 12 months after
disease progression (79 vs. 77 %) [71]. Krishnan A et al. integrated thalidomide
maintenance to their randomized trial comparing the effectiveness of allogeneic
HSCT with non-myeloablative conditioning after autologous HSCT with tandem
autologous HSCT. In the auto-auto group 217 patients received maintenance
treatment, 77 % of who completed planned maintenance. Use of maintenance had
no effect on PFS or OS [72]. Maiolino et al. examined the efficacy of thalidomide
plus dexamethasone as a maintenance therapy after autologous hematopoietic stem
cell transplantation. 108 patients were randomized to receive maintenance with
dexamethasone or dexamethasone with thalidomide (200 mg daily) for 12 months
or until disease progression. After a median follow-up of 27 months, 2-year
progression-free survival was 30 % in dexamethasone arm and 64 % in thalidomide
and dexamethasone arm. Overall survival at 2 years was not significantly improved
with the addition of thalidomide (70 vs. 85 % in respectively) [73]. Kagoya et al.
performed another meta-analysis, which included 6 trials and 2786 patients to
assess the efficacy of thalidomide maintenance. While thalidomide improved
progression-free survival no significant benefit was seen for overall survival and
had more frequent venous thrombosis and peripheral neuropathy. The improvement
was especially prominent in a subgroup of studies using corticosteroids with
thalidomide [74].

8.1.1 Bortezomib

Bortezomib is a proteasome inhibitor, which has efficacy in treatment of both newly
diagnosed and relapsed MM [33, 75]. It has been studied as a maintenance therapy
in clinical trials, either as a single agent or combined with corticosteroids or other
agents with varying efficacy. It was evaluated as a maintenance therapy after
autologous HSCT in the HOVON-65/GMMG-HD4 trial, where 827 eligible
patients with newly diagnosed symptomatic MM were randomly assigned to
receive induction therapy with vincristine, doxorubicin, and dexamethasone
(VAD) or bortezomib, doxorubicin, and dexamethasone (PAD) followed by
high-dose melphalan and autologous stem cell transplantation. Maintenance con-
sisted of thalidomide 50 mg after VAD induction once per day or bortezomib
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1.3 mg/m? after PAD induction once every 2 weeks for 2 years. Complete response
rate (CR) was superior after PAD induction (15 vs. 31 %) and bortezomib main-
tenance (34 vs. 49 %). After a median follow-up of 41 months, PFS was superior in
the PAD arm (median of 28 vs. 35 months). In multivariate analysis, overall sur-
vival was better in the PAD arm. In high-risk patients presenting with increased
creatinine more than 2 mg/dL, bortezomib significantly improved PFS from a
median of 13 to 30 months and OS from a median of 21 to 54 months. A benefit
was also observed in patients with deletion 17p13 (median PFS, 12 vs. 22 months;
median OS, 24 months vs. not reached at 54 months). In the thalidomide arm, 64 %
of the patients discontinued maintenance therapy because of progressive disease
(PD), toxicity, and other reasons (31, 31, and 2 %, respectively). In the bortezomib
arm, 47 % discontinued maintenance therapy because of PD, toxicity, and other
reasons (29, 9, and 9 %, respectively). Grade 3—4 PNP rate was significantly greater
in the PAD group (16 vs. 7 %) [20]. However given the study design, it is hard to
differentiate if the benefit came from the introduction of bortezomib as part of
induction or maintenance or both. Rosinol et al. reported a PETHEMA group phase
IIT randomized trial where after induction, patients underwent a melphalan-based
single ASCT with a randomization to maintenance therapy for 3 years with
bortezomib plus thalidomide (VT), T alone or IFN-a alone. At a median follow-up
of 24 months from the initiation of maintenance, the VT arm had a significantly
longer PFS than T or IFN-a (78 vs. 63 vs. 49 %). There was no OS benefit seen
across the three maintenance arms [16].

8.1.2 Lenalidomide

Given the significantly better toxicity profile lenalidomide has been evaluated as a
maintenance treatment in several clinical trials. In the IFM 05-02 study, patients
having received previous induction therapy with either vincristine-doxorubicin-
dexamethasone or bortezomib-dexamethasone (VD) followed by one or two ASCT
were treated with 2 cycles of lenalidomide consolidation therapy and were there-
after randomized to lenalidomide maintenance (10-15 mg daily) or placebo until
disease progression. After a median follow-up of 45 months from randomization,
the 4-year estimates of PFS were 43 % for the lenalidomide group and 22 % for the
placebo group, while no difference in OS was seen between the two groups (73 vs.
75 %). The lenalidomide group had an increased incidence of hematological tox-
icities (primarily neutropenia) and an increase in SPMs (Hematologic malignancies
13 vs. 5 patients and solid organ malignancies 10 vs. 4 patients consecutively for
lenalidomide and no maintenance groups. The median EFS were 40 months for the
lenalidomide group and 23 months for the placebo group. With a longer follow-up
of 60 months, lenalidomide maintenance improved PFS (42 %) compared with
placebo (18 %). OS was similar in both groups (68 % at 5 years for the lenalido-
mide group vs. 67 % for the placebo group) [76, 77]. The CALGB 100104 study
randomly assigned 614 patients younger than 65 years of age who had no pro-
gressive disease after first-line transplantation to maintenance treatment with either
lenalidomide (10 mg per day for the first 3 months, increased to 15 mg if tolerated)
or placebo until relapse. With a median follow-up of 48 months, and the OS was
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80 % for the lenalidomide group and 70 % for the placebo group. The lenalidomide
group had an increased incidence of hematological toxicities (primarily neutrope-
nia) and an increase in second primary malignancies (SPMs). The cumulative
incidence risk for the development of SPM was greater for the lenalidomide group
compared with the placebo group [78, 79].

In another phase 3 study, Palumbo et al. randomized 273 newly diagnosed
transplant-eligible patients to high-dose melphalan plus stem cell transplantation or
MPR after initial induction therapy with lenalidomide-dexamethasone. After stem
cell transplantation or MPR consolidation, 251 of 273 patients were re-randomized
to either maintenance or no maintenance. Maintenance therapy with lenalidomide
(10 mg on days 1-21 of each 28-day cycle) was administered until disease pro-
gression or development of unacceptable adverse effects. Among these 251
patients, median progression free survival was significantly longer with lenalido-
mide maintenance therapy than with no maintenance therapy (41.9 vs.
21.6 months). Lenalidomide maintenance therapy, as compared with no mainte-
nance therapy, had no significant effect on the 3-year overall survival rate (88 vs.
79.2 %). Beneficial effect of maintenance therapy on progression free survival was
similar in both stem cell transplantation and MPR consolidation arms. 11 patients
(2.8 %) had a second primary cancer in various phases of study. 3 out of these 11
patients developed second primary cancer during the lenalidomide maintenance
therapy [41].

Given the contradictory data, definitive conclusions remain difficult to make.
However, given the benefit in the CALGB phase 3 trial among those not achieving
a CR/VGPR, it is reasonable to consider offering maintenance to those individuals.
However, in the high-risk patients prolonged treatment with bortezomib-based
regimens appear to be justified based on the data from the HOVON trial. For the
remaining patients, once could consider a short consolidation as shown in the
French trial; namely two cycles of lenalidomide-Dex, given that this trial failed to
show any difference in OS.

9 Allogeneic Stem Cell Transplant for MM

There has been limited success with allogeneic stem cell transplant (Allo-SCT) for
treatment of myeloma, largely a result of high treatment-related mortality in this
patient population. There is little doubt that a graft versus myeloma effect exists and
is obvious from the higher rate of molecular responses following allo-SCT com-
pared to ASCT which in turn translates into longer remissions [80]. Several trials
have compared the allogeneic approach with ASCT, with enrichment for patients
with high-risk disease.

The IFM 99-03/99-04 clinical trials studied patients with high-risk myeloma
(beta2-microglobulin >3 mg/L. and chromosome 13 deletion) [81]. Sixty-five
patients with an HLA-identical sibling donor were assigned to receive RIC allo-
geneic stem cell transplantation (IFM99-03 trial), and 219 patients without an
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HLA-identical sibling donor were assigned to undergo second ASCT (IFM99-04
protocol). The incidence of acute GVHD was 32 %, chronic GVHD was 43 % and
TRM was 10 %. On an intent-to-treat basis, the median OS and EFS did not differ
significantly between the groups (35 and 25 months in the IFM99-03 trial vs.
41 and 30 months in the IFM99-04 trial, respectively). When the 166 patients
randomly assigned in the tandem ASCT protocol was compared to those under-
going allogeneic transplant the EFS was similar (35 vs. 31.7 months), with a trend
for better OS with tandem ASCT (median, 47.2 vs. 35 months; P = 0.07). In the
Italian trial, 108 patients <65 years, with newly diagnosed MM received standard
ASCT followed by low-dose TBI conditioning and HLA-matched sibling PBSCT
(median of 2—4 months from ASCT) or went on to receive a second ASCT [82]. At
a median follow-up of 3 years, TRM was 11 % with allo-SCT vs. 4 % with double
ASCT; CR rate was 46 versus 16 %; OS was 84 versus 62 % and PFS was 75
versus 41 %, all significant differences. More recently, the BMT CTN performed a
randomized trial, where patients were assigned to receive an ASCT followed by an
allo-SCT (auto-allo group) or tandem ASCTs (auto-auto group) on the basis of the
availability of an HLA-matched sibling donor. Patients in the auto-auto group
subsequently underwent a random allocation (1:1) to maintenance therapy
(thalidomide plus dexamethasone) or observation. There was no difference in the
PFS or OS between the auto-auto and the auto-allo approaches. At this time, the
role of allo-SCT in myeloma remain undefined, while the majority believe that a
small group of high-risk patients may benefit from this procedure, they should
preferably be done in the context of clinical trials.
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Abstract

Survival outcomes of patients with Multiple Myeloma (MM) have improved
over the last decade due to the introduction of novel agents such as the
immunomodulatory drugs thalidomide, lenalidomide (Len) and pomalidomide,
and the proteasome inhibitors bortezomib (BTZ) and carfilzomib [1, 2].
However, despite these major advances, MM remains largely incurable and
almost all patients relapse and require additional therapy [3]. The successful
introduction of next generation novel agents including oral proteasome
inhibitors, deacetylase inhibitors, and especially monoclonal antibodies as part
of immunotherapy promises to further improve outcome.

Keyword
Relapsed and refractory multiple myeloma - Combination therapy - Novel
agents

The terms “relapsed” and “refractory” are sometimes used interchangeably and may
differ across studies, but in fact are quite distinct. In general “relapsed” refers to a disease
that progresses after a period of remission. According to the International Myeloma
Working Group, progressive disease is defined by at least a 25 % increase in serum or
urine paraprotein from nadir (absolute increase > 0.5 g/dL and >200 mg/24 h,
respectively), or involved-to-uninvolved serum FLC ratio >100 mg/L. In patients with
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Table 1 Definition of relapsed and refractory disease in Multiple Myeloma

Category Definition

Relapsed myeloma Disease that progresses after a period of remission, as defined by
IMWG criteria

Relapsed and Refractory Disease non responsive while in therapy or who progress within
myeloma 60 days of last therapy

Primary refractory Patients who never achieve at least a minimal response to therapy
and are considered non-responsive

Double refractory Patients who are relapsed and refractory to both proteasome
inhibitors (PIs) and immunomodulatory drugs (IMiDs)

oligo- or nonsecretory myeloma an increase in bone marrow plasma cells (with a
> 10 % increase), or new bone or soft tissue lesions, or increasing size of existing bone
or soft tissue lesions, or an unexplained serum calcium >11.5 mg/dL is used to define
disease progression [4]. In contrast, patients with “refractory” myeloma are those with
disease that has relapsed but then progresses while on therapy or who progress within
60 days of last therapy [5]. Patients who never achieve at least a minimal response are
defined as “primary refractory”. Patients with disease refractory to both proteasome
inhibitors and immunomodulatory drugs are now defined as “double-refractory”.
Definitions of relapsed and refractory MM are shown in Table 1.

Treatment of relapsed and relapsed and refractory multiple myeloma (RRMM)
represents a therapeutic challenge due to both disease clonal heterogeneity and
intrinsic as well as acquired resistance, which is a hallmark of the disease at this stage
of its evolution. It is especially challenging to achieve durable response in patients
with high-risk cytogenetics such as del 17p, t(14; 16) and 1q21 amplification and in
patients with extramedullary plasma cell involvement. Moreover, while now there
are numerous choices for salvage therapies, the optimal timing of therapy and
treatment selection at relapse can be complex. In general, patients who experience
only a biochemical relapse with a 25 % increase in serum and/or urine paraprotein
and are asymptomatic from their myeloma need to be carefully restaged. They can be
followed closely without additional treatment if the progression appears to be bio-
chemical only and asymptomatic, although the addition of relatively non-toxic
therapy, or participation in clinical trails may be a good option in this setting.
However, patients with higher risk disease and clinical progression (e.g., patient with
unfavorable cytogenetics, skeletal progression, extramedullary disease, MM-related
renal impairment, or aggressive disease at diagnosis) or with rapid increase in serum
or urine M-protein in 2 months or less should receive treatment.

1 Treatments Options
The introduction of proteasome inhibitors (PIs) and immunomodulatory drugs

(IMiDs) has dramatically increased the survival of myeloma patients. However, the
outcome for patients’ refractory to BTZ- and Len-based therapies is poor, with a
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median progression free survival (PFS) of only 5 months and an overall survival
(OS) of 9 months [6]. Thus, there remains an urgent need for next generation novel
drugs and newer combinations to overcome resistance to current therapies and so
further improve outcome. Importantly, there are various options currently available
for treatment of RRMM, making the opportunity for rational choices real.

2 Proteasome Inhibitors (Pls)

Bortezomib (BTZ) is a small molecule boronate peptide, and is a reversible, first-in
class PI that targets the constitutive proteasome subunit 5 of the 26S proteasome
resulting in the accumulation of misfolded proteins in the plasma cell and leads to
apoptosis [7]. It was the first PI developed for treatment of MM and is a very widely
used “backbone” agent, both in the upfront and relapsed/refractory setting. Two
phase III trials have demonstrated its efficacy in patient with RRMM [8, 9]. In the
APEX trial [8], patients treated with intravenous BTZ had significantly higher rates
of overall response rate (ORR) (27 %), PFS and 1 year survival compared with
high-dose Dexamethasone (Dex). Based on those results, it received FDA and
EMEA full approval in 2005, subsequent to its accelerated approval for RR in 2003.
In combination with dexamethasone, BTZ has demonstrated clinical benefit without
affecting the safety profile and is considered as a reference regimen in the relapsed
setting [10]. Based on the observed preclinical synergistic activity with other
agents, various combinations have been evaluated in several phase I/II trials. BTZ
was initially combined with thalidomide [11] and then with Len and dexamethasone
(RVD) [12] and showed that the combination of BTZ with Dex and a third agent
(specifically an IMiD) provided a response rate of 61-72 % with manageable
toxicity in patients exposed to a median of 1-5 prior therapies. More recently, BTZ
has been combined with alkylating agents such as cyclophosphamide [13], the
third-generation IMiD pomalidomide [14], and histone deacetylase inhibitors, such
as vorinostat [15] and panobinostat [16]. All these studies resulted in high ORR
(55-87 %) despite prior PI/IMiD resistance, and therefore a BTZ-based triple
combination can be considered a valuable option for the management of RRMM.

A summary of all BTZ-based regimens is shown in Table 2. The major toxicities
of BTZ include peripheral neuropathy, thrombocytopenia, diarrhea, and a localized
rash when administered subcutaneously. Of note, the MMY-3021 trial demon-
strated that subcutaneous BTZ was comparable in terms of efficacy to intravenous
BTZ and resulted in significantly reduced peripheral neuropathy [9].

Carfilzomib (CFZ) is a second-generation, epoxyketone, nonreversible PI, FDA
approved in 2012 for the treatment of patients with RRMM who have received at
least two prior therapies, including the first-generation BTZ and an IMiD. It has
demonstrated single agent activity even in patients who are BTZ refractory [17]. In
combination with Len and dexamethasone (Dex) CFZ demonstrated an ORR of
77 %, with an ORR of 69 % in BTZ-refractory patients and 70 % in Len-refractory
patients [18]. Similar superior results with CFZ in combination with Pomalidomide
(Pom) and Dex were seen in heavily pretreated patients, with a median of six lines
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Table 2 Summary of key Bortezomib-based regimens in RRMM

Study Phase Regimen Prior PFS (months)  OS
lines (months)
Richardson et al. [8] 1 BTZ versus Dex 2 6.2 versus 3.5  29.8 versus
23.7
Jagannath et al. [10] 11 BTZ-Dex >1 TTP 5.3-6.8 NR
Garderet et al. [11] 1 BTZ-TD versus TD >2  18.3 versus 71 % versus
13.6 65 %
Dimopoulos et al. [15] ' III BTZ + Vorinostat versus 2 7.63 versus NR versus
BTZ 6.83 28.07
Richardson et al. [16] II BTZ + Panobinostat 4 5.4 NR
Richardson et al. [12] 1II BTZ + Len + dex 2 9.5 30
Richardson et al. [14] 1 BTZ + Pom + dex >1 NR,DOR 74 NR
(ORR 70 %)
De Waal et al. [13] I BTZ + Cyclophosphamide + >2  18.4 28.1

Prednisone

of therapies [19]. Recently, the large international phase III trial, ASPIRE, com-
pared CFZ plus Len + Dex versus Len + Dex among relapsed patients who had
received one to three prior therapies. The addition of CFZ to Len + Dex resulted in
significant improvement of PFS (26.3 vs. 17.6 months) and a 31 % decrease in the
relative risk of progression or death compared to Len + Dex arm [20]. Based on
these results, the FDA approved the use of CFZ in combination with Len and Dex
for the treatment of patients with relapsed MM who have received one to three prior
lines of therapy, in July 2015. Results of the ENDEAVOUR phase 3 trial com-
paring the efficacy of CFZ (56 mg/m2) versus BTZ both in combination with Dex
in RRMM, demonstrated the superiority of CFZ with a median PFS of 18.7 months
versus 9.4 months with BTZ and Dex and ORR of 77 % versus 63 % for the CFZ
and BTZ arms, respectively [21]. Phase I trials of CFZ in combination with ARRY
520 [22] and panobinostat [23] have also shown promising results.

A summary of CFZ-based regimens is shown in Table 3. It is generally well
tolerated, but its use is associated with myelosuppression, fatigue, diarrhea, renal
dysfunction, thrombosis and importantly cardiovascular side effects, including
hypertension, stroke, myocardial ischemia, and pulmonary hypertension. Car-
diotoxicity (and in particular cardiac failure) may also be exacerbated by the use of
concomitant intravenous fluid hydration to reduce the risk of tumor lysis and protect
renal function. Therefore patients with preexisting thrombotic risk, heart failure, or
poorly controlled hypertension should be monitored closely. Neuropathy is very
infrequent [24], making CFZ particularly attractive in patients with significant
neuropathy, whereas other disadvantages include consecutive days of administra-
tion requiring six infusion visits in a 28-day cycle.

Ixazomib (MLN9708) is a reversible oral PI in the boronate peptide class, with
superior tissue penetration and greater biological activities [25] when compared with
BTZ. As a single agent in two single-arm, phase I trials, it demonstrated ORR of 15
and 27 % in 60 heavily pretreated patients with RRMM, including patients refractory
to BTZ [26, 27]. In combination with Len and Dex, it has been well tolerated and has
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Table 3 Summary of key Carfilzomib-based regimens

Study Phase Regimen Prior PFS (0N}
lines (months) (months)

Vij et al. [17] I CFZ 20 mg/m? versus 2 8.2 versus NR versus

27 mg/m> NR NR
Stewart et al. [20] III CFZ + Len + dex versus 1-3 26.3 versus  NR

Len + dex 17.6
Dimopoulos et al.  1II CFZ + dex versus BTZ + 1-3 18.7 versus  NR
[21] dex 9.4
Shah et al. [19] |1 CFZ + Pom + dex >2 7.2 20.6
Shah et al. [22] I CFZ + ARRY-520 4 NR NR
Berdeja et al. [23] /1T CFZ + Panobinostat >1 3.5-18.7 NR

exhibited deeper responses as well as excellent PFS in newly diagnosed MM [28, 29].
Recent results from the Phase 3 study, TOURMALINE-MMI1, showed that the
addition of ixazomib to Len and Dex (IRd) in pts with RRMM significantly increased
median PFS to 20.6 from 14.7 mos without a substantial increase in overall toxicity.
Benefit of IRd was also noted in pts with high-risk cytogenetics, including those with
del(17), in whom median PFS was similar to all IRd-treated pts indicating that
ixazomib may have a favorable impact on patients with high-risk cytogentics [30].
Based on these results, in November 2015 the FDA approved the use of Ixazomib in
combination with Len and Dex for the treatment of patients with relapsed MM who
have received at least one prior lines of therapy. This is the first all-oral triplet regimen
containing a proteasome inhibitor and an IMiD drug that may become a new standard
of care in this setting. The drug is well tolerated, with a remarkably lower toxicity
profile and low rate of peripheral neuropathy than other PI’s. The most common side
effects include fatigue, skin rash, gastrointestinal toxicity, and thrombocytopenia, but
significant cardiovascular or renal toxicity is not seen.

Other next generation PIs, such as marizomib and oprozomib, are in the early
stage of clinical development. A phase I trial of Marizomib in 34 RRMM, including
74 % BTZ-refractory patients, showed a PR rates of 20 % as a single agent [31].
Phase II response data for oprozomib in combination with Dex are also promising
with ORR of 36 % [32]. Combination trials are currently under evaluation and
show promise for marizomib and pomalidomide (Pom) in particular [33, 34]. The
most common side effects of oprozomib include significant gastrointestinal toxicity
such as diarrhea, nausea and vomiting, which has proven challenging. Marizomib
has shown manageable CNS toxicity and fatigue but minimal neuropathy and
thrombocytopenia, and no significant cardiopulmonary toxicity to date.

2.1 Immunomodulatory (IMiDs) Drugs

Thalidomide (Thal), the prototypic IMiD, was the first novel drug with known
activity in the RRMM setting, with an ORR of 25 % when used as a single agent
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[35] and up to 50 % when used in combination with high-dose Dex [36]. It has
been effectively combined with cyclophosphamide [37], bortezomib [11], and more
recently with CFZ [38]. Although now used less frequently in the management of
RRMM, due to the more extensive use of next generation IMiDs, and the lack of
data on its activity in Len- or Pom-refractory patients, it nonetheless remains a
worldwide standard due to its accessibility, minimal myelosuppression and lack of
nephrotoxicity as a combinatorial agent. Since it is almost exclusively eliminated as
a hydrolysed product Thal is safe in patients with renal failure and has a role in
patients with severe cytopenias in combination with steroids and BTZ, as well as
other agents and in particular cytotoxic chemotherapy such as cyclophosphamide,
bendamustine, liposomal doxorubicin, and melphalan. Important side effects
include neuropathy, somnolence, thrombosis, and constipation.

Lenalidomide (Len) is an analog of Thal with higher potency and less toxicity
[39]. Phase I and II trials demonstrated single agent activity in RRMM with PR
rates of 24-29 % [40]. In 2006 it was approved by the FDA in combination with
Dex for the treatment of patients with relapsed MM and at least one prior line of
therapy. This approval was based on the results of two randomized,
placebo-controlled phase II trials, MMO0O09 [41] and MMO10 [42] that confirmed the
benefit of Len and Dex versus Dex alone in OS (38 vs. 31.6 months, respectively),
although 47.6 % of patients in the Dex arm received Len-based treatment after
disease progression or unblinding [43]. The combination of Len with new emerging
new molecules has been extensively investigated in the last few years. It has been
successfully combined with cytotoxic agents such as cyclophosphamide [44] and
monoclonal antibodies such as elotuzumab [45] and daratumumab [46] as well as
with PIs such as BTZ [12] and CFZ [18]. All these studies showed that the com-
bination of Len-dex with a third agent in patients exposed to prior therapies resulted
in higher ORR from 65 % to 95 % improving the outcome of RRMM patients.
A summary of all Len-based regimens is shown in Table 4.

Table 4 Summary of key Lenalidomide-based regimens

Study Phase Regimen Prior PFS (months) OS (months)
lines
Weber et al. [41] 1 Len-dex versus Dex >2 11.1 versus 29.6 versus
4.7 20.2
Dimopoulos et al. 11T Len-dex versus Dex >2 11.3 versus NR versus
[42] 4.7 20.6
Richardson et al. [45] Ib/Il | Len-dex + Elotuzumab 1-3 32.49 versus  NR
(10-20 mg/kg) 25
Richardson et al. [12] 1I Len-BTZ-Dex 2 9.5 30
Wang et al. [18] 11 CFZ-Len-Dex NR 154 NR
Reece et al. [44] I-II Cyclophosphamide + 2 16.1 27.6
Prednisone + Len
Plesner et al. [46] I/ Daratumumab + Len and = >1 72 % at 18 90 % at 18

Dex mo mo



Treatment of Relapsed/Refractory Multiple Myeloma 175

In patients relapsing during Len maintenance, increasing the dose of Len to
25 mg and/or the addition of Dex may restore response in patients with low tumor
burden and less aggressive disease. More commonly, the addition of a third agent is
needed to induce response. Len’s main toxicities include myelosuppression, fatigue,
thrombosis, muscle cramps, chronic diarrhea, and possibly an increased risk of
second primary malignancies. The chronic diarrhea seen may be related to bile-acid
malabsorption and may respond to reduction of fat intake in the diet and treatment
with bile-acid sequestrants [40, 47].

Pomalidomide (Pom) is a third-generation IMiD agent and was granted accel-
erated approval by the FDA in 2013 for RRMM in patients with previous use of
BTZ and Len. It has similar properties to Thal and Len but is much more potent
in vitro, and has proven efficacy in heavily pretreated patients, and even in those
refractory to Len and BTZ, with its accelerated approval primarily based upon the
favorable results of the MM-02 study [48, 49]. Furthermore, in the MM-03 trial
comparing Pom-dex versus high-dose Dex in patients who had received a median
of five lines of therapies, Pom-dex induced a 32 % ORR, with median PFS and OS
of 4 and 13 months, respectively [50]. This randomized study resulted in the full
approval of Pom-dex for RRMM in 2015. More recently, the addition of a third
drug to Pom-dex has been explored in several phase I-1II studies in order to improve
clinical outcome. Preliminary data from phase II randomized trials showed that
Pom-dex combined with alkylating agents such as Cyclophosphamide [51, 52],
first- or second-generation PI BTZ [14] and with CFZ [19] or Clarithromycin [53],
resulted in higher ORR from 32 % to 81 % and improved PFS from 4 to 17 months
in patients with RRMM previously exposed to BTZ and Len.

A summary of the Pom-based regimens is shown in Table 5. Overall Pom is
generally very well tolerated and the main side effects include myelosuppression,

Table 5 Summary of key Pomalidomide-based regimens

Study Phase Regimen Prior ' PFS (months) H OS
lines (months)
Leleu et al. [48] II Pom ql-21 versus 5 5.4 versus 3.7 14.9 versus
q 28 + dex 14.8
Richardson et al. [49] 1T Pom + dex versus 5 4.2 versus 2.7  16.6 versus
Pom 13.6
San Miguel et al. [50] I Pom + dex versus Dex 5 4 versus 1.9 | 12.7 versus
8.1
Mark et al. [53] I Clarithromycin + 5 8.3 19.3
Pom + dex
Richardson et al. [14] II Pom + BTZ + dex >1 NR,DOR 7.4 NR
Shah et al. [19] I CFZ + Pom + dex >2 7.2 20.6
Baz et al. [52] I Cyclophosphamide + 3 9.5 NR
Pom + Dex
Larocca et al. [51] I Cyclophosphamide + 3 10.4 NR

Pom + Prednisone
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thrombosis, rash, and constipation. Neuropathy is rarely seen, although worsening
of preexisting neuropathy has been reported but is usually mild to moderate.

2.2 Immunotherapies

Recently several immunotherapeutic approaches have been explored in patients
with RRMM and have shown promising results.

Among them, monoclonal antibodies (MoAbs) have emerged as an attractive
targeted strategy based on the wide range of antigens expressed on the surface of
plasma cells.

Elotuzumab (Elo) is a humanized MoAb specifically targeting SLAMF7 (sig-
naling lymphocytic activation molecule family member 7), also known as CS1, a
glycoprotein highly expressed on myeloma and natural killer cells [54]. It exerts dual
mechanism of action by directly activating natural killer cells and tumor cell death
via antibody-dependent cellular cytotoxicity (ADCC) [57]. As a single agent, Elo has
shown modest activity; however, encouraging results have been recently shown
when Elo was combined with Len and Dex [55, 56]. The ELOQUENT-2 trial, a
phase III randomized trial comparing the efficacy and safety of Len-Dex with or
without Elo in RRMM patients has shown that the combination of Elo-Len-dex
demonstrated an ORR of 79 % versus 66 % in the Len-Dex arm and resulted in an
extended PFS compared with the control arm (19.4 months vs. 14.9 months,
respectively), reducing the risk of progression or death by 30 %. This benefit was
maintained regardless of patient age, number of prior line of therapies, previous
exposure to Len or the presence of high-risk cytogenetics, such as del 17(p) or t(4;14)
[58]. Based on these results, Elo was approved by FDA on November 30, 2015, for
use with Len/dex in patients with RRMM and 1-3 prior therapies. A recent update of
the ELOQUENT-2 trial has also shown that at 3-year follow-up, pts receiving Elo
had 27 % reduction in risk of progression or death versus Len/dex alone and had
median delay of 1 year in time to next treatment versus Len/dex arm [59]. In terms of
the safety profile, the most common side effects were lymphocpenia, neutropenia,
and fatigue. Infusion reactions to Elo occurred in 10 % or less of patients and were of
mild to moderate grade only. In combination with BTZ, results of a phase II trial
showed an ORR of 66 % in the Elo arm versus 63 % in patients treated with BTZ and
Dex alone. Importantly, the PFS was significantly better at 9.7 months in the Elo arm
versus 6.9 months in the BTZ/dex arm [60]. Infusion reactions occurred in 7 % of
patients in the Elo arm and the most common side effects were thrombocytopenia and
infections, with an otherwise very favorable tolerability profile.

Daratumumab (Dara) is a humanized MoAb that targets CD38-which is highly
expressed in myeloma cells. It induces the killing of CD38-expressing tumor cells
via ADCC, antibody-dependent phagocytosis, complement-depend cytotoxicity,
and apoptosis [61]. As a single agent, in the phase II SIRIUS trial, Dara
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demonstrated an ORR of 29 % and a median PFS of 3.7 months in patients with
RRMM, all prior exposed and refractory to BTZ and Len. The median time to
response among responders was 1 month and the median duration of response was
7.4 months [63, 64]. Patients experienced modest infusion-related reactions and
manageable hematological toxicity including anemia, neutropenia, and thrombo-
cytopenia. Based on the favorable toxicity profile and efficacy, Dara was FDA
approved on November 2015 for use in MM pts with >3 prior therapies. Recent
results of a Phase 1/2 Study (GENS503) of Dara in combination with Len/dex
showed rapid, deep, and durable responses in RRMM patients. The ORR was 81 %
including 28 % VGPR and 34 % CR/sCR with median 15.6 months follow-up. At
18 months, the PFS was 72 % and the OS was 90 %. The toxicity profile was
similar to that reported by studies of DARA monotherapy and no additional toxi-
cities were observed [46]. Two phase III studies of Dara are currently ongoing, one
in combination with Len and Dex versus Len and Dex (MMY3003) and one in
combination with BTZ and Dex versus BTZ and Dex alone (MMY3004) with very
promising early results reported in both studies. The combination of Dara with Pom
and Dex is also being evaluated in ongoing Phase I trial. An early analysis has
shown rapid initial responses that are deepening over time. Specifically, the ORR
was 71 and 67 % in patients’ double refractory to PI/IMiDs, and showed a tolerable
safety profile similar to Pom/dex alone [65].

Isatuximab (SAR650984) is another MoAb that binds selectively to a unique
epitope on the human CD38 receptor with strong pro-apoptotic activity in MM
cells. It induces the killing of CD38-expressing plasma cells via ADCC,
antibody-dependent phagocytosis and 