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Abstract
Multiple myeloma (MM) is a clonal plasma cell malignancy clinically characterized by osteolytic
lesions, immunodeficiency, and renal disease. There are an estimated 750,000 people diagnosed
with MM worldwide, with a median overall survival of 3 – 5 years. Besides chromosomal
aberrations, translocations, and mutations in essential growth and tumor-suppressor genes,
accumulating data strongly highlight the pathophysiologic role of the bone marrow (BM)
microenvironment in MM pathogenesis. Based on this knowledge, several novel agents have been
identified, and treatment options in MM have fundamentally changed during the last decade.
Thalidomide, bortezomib, and lenalidomide have been incorporated into conventional cytotoxic
and transplantation regimens, first in relapsed and refractory and now also in newly diagnosed
MM. Despite these significant advances, there remains an urgent need for more efficacious and
tolerable drugs. Indeed, a plethora of preclinical agents awaits translation from the bench to the
bedside. This article reviews the scientific rationale of new therapy regimens and newly identified
therapeutic agents – small molecules as well as therapeutic antibodies – that hold promise to
further improve outcome in MM.

Keywords
bone marrow microenvironment; combination therapy; multiple myeloma

1. Background
Multiple myeloma (MM) is a clonal plasma cell malignancy with a highly heterogeneous
genetic background, characterized by bone marrow (BM) plasmocytosis, production of
monoclonal proteins, osteolytic bone lesions, renal disease, anemia, hypercalcemia, and
immunodeficiency. Its development is a complex multistep process involving both early and
late genetic changes in the tumor cell, as well as selective supportive conditions in the BM
microenvironment. Specifically, MM cells disrupt homeostasis of stromal cell– stromal cell
and stromal cell–extracellular matrix interactions and liquid factors (cytokines and growth
factors). Tumor cells thereby induce direct as well as indirect signaling sequelae in the BM,
which in turn supports MM cell proliferation, survival, migration, and drug resistance. MM
bone disease, which occurs in 80% of MM patients, reflects an imbalance of osteoblast and
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osteoclast activity and is characterized by severe bone pain (25%), pathologic nonvertebral
(12%) and vertebral (30%) fractures, and hypercalcemia (13%). These skeletal-related
events (SRE) not only have a negative impact on patients’ quality of life, but also reduce
their survival [1].

Although MM was first described in the mid 1850s, successful treatment was begun using a
combination of melphalan and prednisone in the late 1960s and achieved a median survival
of 3 – 4 years. Treatment regimens were further improved with the introduction of high-dose
therapy with autologous stem cell transplantation (SCT). However, it was not until the late
1990s that a new era of MM treatment was initiated with the introduction of thalidomide
(Thal), and later its analog lenalidomide (Len), as well as bortezomib. These compounds not
only show activity in relapsed/refractory MM, but also demonstrate remarkable response
rates when used in combination regimens to treat newly diagnosed transplant-eligible, as
well as -ineligible, MM patients (Table 1) [2].

Despite these dramatic advances disease relapse is inevitable, and MM remains incurable.
Moreover, despite their emerging role in standard MM treatment regimens, Thal, Len, and
bortezomib are associated with a variety of doselimiting adverse side effects. Moreover,
although the novel drug combinations with conventional chemo therapy have resulted in
better response rates, most of the studies show no benefit in terms of time to progression
(TTP) or overall survival (OS). The identification of new therapeutic targets and derived
more potent but less toxic agents is therefore urgently needed. Here we will describe the
scientific rationale for some of the most important novel agents.

2. Medical need
The urgent need to improve patient survival and quality of life triggered the current
evolution of MM therapies. Specifically, the identification of new therapeutic targets and the
development of derived more potent and less toxic targeted agents is directed to decrease
MM cell growth, survival, migration, and drug resistance and improve patient outcome.
Indeed, the median survival of MM patients has been extended from 3 to 7 years, especially
in patients aged < 50 years. Despite these significant advances, however, MM remains still
incurable, and existing therapies can have dose-limiting adverse side effects (Table 2).

Myeloma was originally treated with therapeutic bleeding; application of leeches; steel and
quinine; rhubarb pills and infusion of orange peel; strengthening plasters; alum; camphor;
urethane; and stilbamidine. It was not until the discovery of sarcolysin (melphalan, L-
phenylalanine mustard [L-PAM]) in 1958 that the first successful therapy in MM was
reported by Blokhin and colleagues, and later by Bergsagel and co-workers (1962) and
Hoogstraten and others (1967) [2]. The first classical treatment regimen in MM was defined
with the introduction of melphalan plus prednisone (MP) [3]. Combination regimens based
on the use of glucocorticoids and cytotoxic chemotherapeutics became the mainstay for
nontransplantable MM patients. However, the prolonged use of alkylating agents such as
melphalan is associated with an increased incidence of secondary malignancies, including
myelodysplasia and acute leukaemia, and can also compromise subsequent collection of
peripheral blood stem cells [4,5]. The introduction of high-dose therapy (HDT) with
autologous SCT during the 1980s led again to a modest increase in OS of 3 – 5 years [6–10];
however, the proportion of patients proceeding to HDT and transplantation varies
significantly (43 – 72%) dependent on age, co-morbidity, and failed stem cell mobilization
[11]. Moreover, the majority of patients who undergo autologous SCT suffer from relapse.

Since the late 1990s, advances in our understanding of MM biology and the importance of
the BM milieu have led to the identification of new therapeutic targets and agents. Thal, len,
and bortezomib demosntrated significant anti-MM activity in preclinical models and have
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rapidly translated from bench to bedside, demonstrating efficacy first in relapsed/refractory
MM and more recently in newly diagnosed disease. Ongoing studies are developing more
potent and less toxic agents on the one hand and optimizing combination treatment regimens
on the other. Parallel progress is ongoing to improve supportive therapies by delineating
mechanisms causing MM bone disease and immune deficiency. Of note, these therapies may
also have anti-MM activity.

3. Existing treatment
3.1 Treatment of relapsed and relapsed/refractory MM

Since the mid 1980s, pulsed high-dose Dex as well as combinations of various
chemotherapeutic agents (e.g., VAD) have served as standard therapy for relapsed/refractory
MM [12,13]. However, therapeutic options for relapsed/refractory MM have significantly
changed with the introduction of Thal, Len, and bortezomib.

3.1.1 Thalidomide—Empirically tested as a single agent in relapsed/refractory MM
patients, Thal achieved responses in approximately one-third of patients [14–16]. To
enhance efficacy and reduce toxicity, Thal has been combined with a variety of agents
including dexamethasone, cyclophosphamide, etoposide and liposomal doxorubicin (Dox)
[17–23]. Despite high response rates, responses are transient and can be associated with
significant toxicity.

3.1.2 Lenalidomide—Promising single-agent activity of Len was observed in Phase I
trials even in MM refractory to Thal, without significant somnolence, constipation, or
peripheral neuropathy [24,25]. These studies provided the framework for two Phase II trials,
which confirmed its efficacy and lack of toxicity, as well as establishing the basis for adding
Dex to enhance response. In 2006, the combination of Len plus high-dose Dex was
approved by the FDA as therapy for relapsed and refractory MM based on two large,
randomized, multicenter, double-blind, placebo-controlled Phase III trials which showed
significantly increased response, progression-free survival (PFS) and OS of patients treated
with Len/Dex versus Dex. However, in patients receiving Len/Dex, neutropenia and
thromboembolic events (DVT and pulmonary emboli) occurred in 41 and 30% and 15 and
11%, respectively [26,27]. Therefore the use of antithrombotic prophylaxis is recommended.
Other regimens that combine Len with other agents include: Len as well as DVd; Len plus
adriamycin and Dex; and Len plus Dex and cyclophosphamide [28,29].

3.1.3 Bortezomib—Promising preclinical studies [30] and a Phase I trial [31] provided the
framework for two multicenter clinical trials for relapsed/refractory MM patients (SUMMIT
and the CREST trials), which demonstrated durable responses, including complete
responses, associated with clinical benefit [32,33]. Based on these results, bortezomib was
approved in 2003 by the FDA and EMEA (European Medicines Agency) for the treatment
of relapsed/refractory MM. Subsequently, the international, randomized Phase III APEX
trial compared bortezomib monotherapy versus highdose Dex in relapsed MM patients and
revealed superior response rate and prolonged median OS [34,35]. Indeed, bortezomib is the
only single agent to provide survival benefit and high overall response rate of 43% (partial
and complete responses) in the setting of relapsed MM, leading to FDA approval of
bortezomib in 2005. However, bortezomib has dose-limiting adverse side effects including
peripheral neuropathy, gastrointestinal toxicity, and thrombocytopenia.

Again based on preclinical studies, a variety of combination therapies with bortezomib have
been investigated. For exampple, bortezomib inhibits DNA damage repair and sensitizes or
overcomes resistance to DNA-damaging agents [36]. The combination of bortezomib with
pegylated liposomal doxorubicin (Doxil) is superior to bortezomib, and is now FDA-
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approved for the treatment of MM patients who have not previously received bortezomib
and have had at least one prior line of anti-MM therapy [37]. Ongoing promising
combinations to both enhance efficacy and reduce toxicity include bortezomib and heat
shock protein inhibitors, AKT inhibitors or HDAC inhibitors.

3.2 Upfront MM therapy
The initial choice of current treatment options depends on whether or not the patient is
eligible for SCT. Conventional MM therapies include melphalan and prednisone, Dex, as
well as vincristine, adriamycin, Dex (VAD) and DVD regimens. Importantly, the
incorporation of novel agents including Thal, Len, and bortezomib into initial MM therapy
has great promise and has already markedly changed existing MM regimens. Indeed, high
response rates of initial chemotherapeutic/novel agent combination regimens will allow for
future studies to define the need of autologous SCT [38]. In addition to improved systemic
therapies, supportive therapy with bisphosphonates has reduced bone complications, and
several novel agents are under development.

3.2.1 Stem cell transplantation—Based on two large clinical trials (IMF90, MRC
Myeloma VII) which demonstrated significant increases in response rates and durations of
response, as well as OS, the standard of care for patients with newly diagnosed MM up to
the age of 65 years is HDT followed by autologous SCT [9,10]. Fermand and colleagues
confirmed the benefit of HDT with autologous SCT in terms of event-free survival (EFS)
and treatment toxicity, but not OS [39]. Similarly, the US Intergroup trial demonstrated no
benefit for HDT versus conventional therapy [40]. Moreover, HDT intensification
significantly increased the complete response rate, but not PFS or OS, when given to MM
patients who have responded to the initial chemotherapy [41].

Tandem autologous SCT [42,43], post-transplant maintenance strategies including
immunotherapy, and most recently, integration of novel therapies, are under investigation to
further improve response and OS rates. Attal and co-workers showed improvement in OS of
patients receiving double versus single autologous SCT, especially in patients with less than
very good partial response after the first transplantation (IFM94).

Myeloablative preparative regimens followed by allogeneic SCT in MM are generally
limited to patients aged < 55 years [44–46]. Attempts to improve the efficacy of allografting
(e.g., by exploiting alloimmune graft-versus-MM effects) and minimize high transplant-
related mortality (e.g., graft-versus-host disease) include: T-cell depletion from allografts
[47,48] and mini-allogeneic (nonmyeloablative/reduced-intensity) SCT [49]. Of note,
autologous SCT followed by allografting with nonmyeloablative conditioning achieved
dramatic reduction of transplant-related mortality with potent antitumor activity [50,51]. In
contrast to the French IFM99 – 04 trial, which reported inferiority of autologous SCT
followed by nonmyeloablative allogeneic SCT versus tandem autologous SCT [52], a study
by Bruno and co-workers strongly indicated survival benefits of tandemautologous SCT:
nonmyeloablative allogeneic transplant versus double autologous SCT [53]. Differences in
these studies may be due to differences in conditioning and patient selection. Taken
together, nonmyeloablative allografting regimens still remain investigational, but can be
proposed to patients aged > 50 years with refractory MM who have HLA-matched donors.

3.2.2 Treatment for newly diagnosed MM patients eligible for transplant—First
utilized as a single agent to treat relapsed/refractory MM [14], Thal was then combined with
Dex and achieved increased response compared with Dex alone in newly diagnosed
transplant candidates. Based on these data, Thal–Dex was FDA-approved as first-line
therapy in 2006 [54,55]. Most MM centers have since then replaced the classical VAD
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induction therapy regimen for autologous SCT of newly diagnosed MM patients with
regimens of oral Thal–Dex or Thal–Dex with liposomal Dox, respectively, dependent on the
aggressiveness of the disease [54–57]. The combination of Thal with Dex, cisplatin, Dox,
cyclophosphamide, and etoposide (DTPACE) represents another promising induction
therapy, especially for patients with high-risk features [23]. Of note, Thal increases the very
good partial response rate (VGPRR) before and after HDT in previously untreated MM [58].
To overcome the risk of Thal-induced DVT, prophylaxis with aspirin is recommended in
patients with one additional risk factor (age, central catheter, diabetes, cardiac disease,
immobilization, hyperviscosity), or full-dose warfarin or LMWH in patients with > 1
additional risk factor [59].

Besides Thal, recent studies have also indicated a role of several other novel agents in
conditioning treatment regimens for newly diagnosed transplant eligible patients including:
Len plus Dex [60,61]; bortezomib plus Dex [62]; and the combination of Len–Bortezomib–
Dex [63]. To overcome Len-induced decreases of CD34 + SC collection, early harvesting
after induction therapy with Len using cyclophosphamide/G-CSF mobilization is
recommended [64]. Of note, bortezomib–Dex combination achieves higher extent and
frequency of response, both before and after high-dose melphalan, with 60% of patients
achieving a VGPR or better [65] and therefore not candidates for second autologous SCT.

3.2.3 Treatment for newly diagnosed MM patients not eligible for transplant—
Due to reduced morbidity and significant PFS in elderly patients ineligible for HDT, the oral
regimen of MP–Thal replaced the standard combination of alkylating agents in 2006 [66].
While some investigators report that this regimen fails to demonstrate survival advantage
[67], others report significant survival advantage, even in elderly patients aged > 75 years
[68]. By contrast, Thal in combination with Dex did not show superiority to MP [69]. A
promising alternative to MP–Thal for elderly MM patients is the combination of MP and
Len (MP-R) [70,71]. Another alternative in elderly untreated MM patients is the
combination bortezomib– melphalan and prednisone (MP-V). Importantly, bortezomib
appears to overcome the poor prognosis conferred by chromosome 13 deletion in Phase II
and three trials [72]. Most excitingly, San Miguel and colleagues (VISTA trial) have
recently reported significantly increased overall and extent of response, as well as PFS and
OS, when newly diagnosed patients ineligible for transplant are treated with MP-V versus
MP, providing the basis for its FDA approval to treat newly diagnosed MM. Of note, partial
response or better and complete response were noted in 71 and 30% of patients,
respectively, treated with MP-V versus 35 and 4% of patients, respectively, in the MP-
treated cohort. This magnitude of response is remarkable, previously achievable only in the
context of high-dose therapy. Importantly, this response extent and frequency advantage
translated into prolonged duration of response and PFS, as well as decreased death rate. The
side-effect profile was as expected and not significantly different in the two arms. MP-V
was superior to MP in patients with renal compromise and across all International Staging
System groups. Importantly, high-risk cytogenetics, including t(4;14) or t(14;16), 17p
deletion, or 13q deletion, did not affect response, TTP, or survival achieved with MP-V [73].

3.3 Existing treatment for MM-induced bone disease
Common approaches to treat MM bone disease include radiotherapy, surgery and medical
management. Radiotherapy is mainly used to control bone fracture-related pain. Surgery,
vertebroplasty and kyphoplasty, in particular, aim to restore vertebral integrity and height as
well as offering pain relief. The medical management of MM bone disease is currently based
on the clinical use of bisphosphonates (BP) including zoledronic acid and pamidronate,
pyrophosphate derivatives that bind with high affinity to hydroxyapatite crystals. Based on
the significant reduction in the incidence of skeletal related events (hypercalcemia,
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compression fractures, pain and the necessity of radiotherapy/surgical intervention),
pamidronate and zoledronate received FDA approval for the treatment of MM-associated
osteolytic lesions in 1996 and 2002, respectively [74]. Patients on bisphosphonates must be
monitored for renal toxicity and osteonecrosis of the jaw (ONJ), characterized by exposed
bone of the mandible and/or maxilla, severe pain and high risk of local infection. New
guidelines to avoid ONJ include maintenance of optimal dental health and recommendations
for duration of BP treatment [75]. Novel agents such as RANK-Fc are under development to
reduce MM bone disease.

4. Market review
In 2008, Celgene projected Len sales growth by 140% to $770 million, thereby increasing
the company’s overall revenue to $1.4 billion. Analysts have projected 2008 sales of more
than $2 billion. Since its initial approval in 2003 for the treatment of relapsed/refractory
MM, Velcade has demonstrated efficacy in both relapsed (2005) and newly diagnosed
(2008) MM. Millennium reported a total revenue of $528 million for 2007, and Takeda
Pharmaceutical Co. bought Millennium this year for $8.8 billion. Several other companies
are now evaluating further proteasome inhibitors for their preclinical and clinical activity.

Although Thal, Len, and Velcade, especially when given in combination regimens, have
significantly changed MM treatment for both relapsed/refractory and newly diagnosed
patients, disease relapse is inevitable. Consequently, there is a clear opportunity for
additional agents to enter the MM market. For example, two next-generation proteasome
inhibitors, NPI0052 [76] and carfilzomib [77], overcome bortezomib resistance in
preclinical in vitro and in vivo studies. Phase I/II clinical trials of both are ongoing. NPI
0052 will examine whether more broad proteasome inhibition is useful as it inhibits
chymotryptic, tryptic, and caspase-like activities of the proteasome, whereas bortezomib
targets primarily chymotrypic activity. In contrast, carlfizomib targets the chymotrpytic
proteasome activity more potently than does bortezomib.

5. Research goals
Although the introduction of Thal, Len, and bortezomib into MM treatment regimens has
significantly improved PFS and OS, MM still remains an incurable disease. Moreover,
treatment with Thal, Len, and bortezomib can be associated with significant adverse side
effects. Therefore ongoing research aims to further advance our understanding of MM
pathogenesis in order to identify more potent and less toxic therapeutic compounds.
Specifically, current research efforts focus on: i) agents that target signaling events in tumor
cell development; ii) agents that target cytokines, growth factors and their receptors; iii)
agents that target signaling sequelae in MM cells triggered by cytokines and growth factors,
as well as MM cell–BMSC interactions; iv) agents that target molecules at the cell
membrane; v) agents that specifically target the tumor-supportive MM microenvironment,
including BM angiogenesis [78]; and vi) agents that target mechanisms of MM bone
disease. Clinical trials using novel agents in each category are ongoing [79–81].

In addition, we aim to improve existing therapy regimens by identifying optimal treatment
sequencing and designing patient-specific treatment plans based on proteomic and genomic
data. For example, several preclinical reports strongly indicate benefits of long-term, low-
dose, more frequent administration of conventional chemotherapeutics (metronomic
chemotherapy) in combination with antiangiogenic agents, such as anti-VEGF [78,82] to
enhance efficacy and prevent development of drug resistance. Within MM, patients with
t(4;14) express cell surface FGFR3 and have been targeted with specific FGFR3 inhibitors.
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6. Scientific rationale
The development of MM is a complex multistep process involving both early and late
genetic changes in the tumor cell, as well as selective supportive conditions by the BM
microenvironment. Indeed, it is now well established that MM cell-induced disruption of the
BM homeostasis between the highly organized cellular and extracellular compartments
supports MM cell proliferation, survival, migration, and drug resistance via activation of
various signaling (e.g., PI3K–Akt, JAK–Stat, Raf–MEK–MAPK, NFκB, and Wnt)
pathways. As a result of advances in oncogenomics on the one hand and increased
understanding of the role of the BM in the pathogenesis of MM on the other, a new
treatment paradigm targeting the tumor cell and its BM microenvironment to overcome drug
resistance and improve patient outcome has now been developed in MM [83].

6.1 Targeting molecules that are dysregulated by genetic and epigenetic changes within
the MM cell clone

The MM cell clone is characterized by an increased frequency of complex heterogeneous
genetic abnormalities and translocations that cause dysregulation of genes at breakpoints and
include mutations in several proto-oncogenes and tumor suppressor genes. Dependent on
chromosomal gains and losses, two cytogenetic patterns can be identified: a hyperdiploid
pattern in the majority of cases; and more rarely, a non-hyperdiploid (pseudodiploid/
hypodiploid/near-tetraploid) pattern with < 46 or > 74 chromosomes. Importantly, ploidy
impacts prognosis, with longer OS in hyperdiploid patients versus non-hyperdiploid patients
[83]. However, recent high-resolution genomic profiling of MM cells identified an
additional subset of patients within the hyperdiploid group with additional gains on 1q and/
or losses of chromosome 13, which has a worse prognosis than the non-hyperdiploid group.
Indeed, a validated gene expression model of high-risk MM recently demonstrated that 30%
of genes are located on chromosome 1 [84,85]. Early-onset reciprocal chromosomal
translocations occur with significantly higher frequency in non-hyperdiploid versus
hyperdiploid patients, and are linked to adverse prognosis; they most frequently involve the
IgH switch locus 14q32.3, and less frequently, the IgL switch locus 2p12κ or 22q11λ. The
five recurrent translocation partners commonly juxtaposed to the IgH enhancer locus
elements include cyclin D1 t(11;14) (q13; q32) in 15 – 20%, cyclin D3 t(6;14)(p21;q32) in
5%, c-maf t(14;16) (q32;23) in 5 – 10%, FGFR3 and MMSET/WHSC1 t(4;14) (p16.3;q32)
in 15%, and mafB t(14;20) (q32;q11) in 5%. Importantly, cyclin D is consistently
dysregulated in both the hyperdiploid and the nonhyperdiploid groups, suggesting its key
role in MM pathogenesis. Based on the five recurrent Ig translocations and cyclin D
expression, a prognostic classification of five translocation and cyclin D (TC) groups was
proposed, which also supported the cyclin D–Rb pathway as a potential therapeutic target in
MM [86,87].

Signaling events triggered by these translocations remain elusive, with the exception of
FGFR3 and c-Maf, and are under active investigation. Specifically, high expression of wild-
type FGF3 receptor is observed in about two-thirds of patients with t(4;14)(p16;q32), while
FGFR3-activating mutations are observed in a minority of cases. Dysregulation of FGFR3
confers poor prognosis [83]. It is likely that these patients, but not those with t(4;14)
(p16;q32), who do not overexpress FGFR3 will benefit from FGFR3 blockade. Indeed,
several studies have evaluated the preclinical efficacy of small-molecule FGFR3 inhibitors
in MM cell lines carrying t(4;14)(p16;q32) including the specific inhibitors of FGF receptor
tyrosine kinase SU5402 and SU10991, PD173074 (Pfizer, Ann Arbor, MI) and TKI258
(Novartis Oncology,) [88,89], as well as the inhibitory anti-FGFR3 antibody PRO-001
(ProChon Biotech Ltd, Rehovot, Israel) [90]. Target genes of c-maf include cyclin D2, β7-
integrin, and CCR1, which mediate MM cell growth, adhesion to the BM stroma, and
increased production of VEGF. Frequent overexpression of c-maf in MM makes it a
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potential new therapeutic target [91,92]. Translocations of c-Myc (8q24) are late secondary
events and induce deregulation of c-Myc expression [93,94]. In addition to early- and late-
onset translocations, many focal genetic lesions have been identified related to MM
initiation and progression including: activating N- and K-Ras mutations; inactiva - ting
mutations/deletions of tumor-suppressor genes p53, Rb/p18INK4c, p16INK4a and p18; as
well as PTEN, cyclin-dependent kinase inhibitors CDKN2A and CDKN2C, and FGFR3-
activating mutations [1,83].

Epigenetic silencing/activation is another mechanism that influences the initial phase of MM
pathogenesis. Hydroxamic acid derivatives such as suberoylanilide hydroxamic acid
(SAHA) and pyroxamide are potent HDAC inhibitors at micromolar concentrations, as are
the sulfonamide anilides; whereas the cyclic peptides, such as FK22816 and the hybrid
cyclic hydroxamic acid peptide analogs, are active at nanomolar concentrations. Remarkable
preclinical anti-MM activity was observed using the hydroxamic acid peptide analogs NVP-
LAQ824 (Novartis, East Hanover, NJ), Vorinostat (rINN) or SAHA (Merck, Germany) and
LBH589/panobinostat (Novartis, East Hanover, NJ), ITF2357 (Italfarmaco, Milano, Italy),
belinostat/PXD101 (CuraGen Corp.,), and MS-275 [95–100]; as well as romidepsin
(depsipeptide/FK228/FR901228) [101] when used alone or in combination with
conventional or novel therapies.

Clinical studies to evaluate the efficacy of PXD101 in patients with advanced MM (Phase
II) and MS-275 (Phase I) in hematologic cancers including MM have now been completed.
A clinical Phase I study with vorinostat in MM showed modest activity. Clinical Phase II
trials using LBH589 or romidepsin, and a clinical Phase I trial with a combination therapy of
LBH589 or SAHA and bortezomib in patients with relapsed/refractory MM are ongoing.
Indeed, significant anti-MM activity has already been observed using HDAC inhibitors in
combination with proteasome inhibitors. Interestingly, HDAC6 inhibitors (e.g., tubacin)
inhibit autophagic clearance and lysosomal degradation of polyubiquitinated proteins within
the aggresome. Importantly, preclinical synergistic cytotoxicity of tubacin and bortezomib in
MM cells provides further rationale for clinical evaluation of this combination [102]. Taken
together, the identification of genetically and epigenetically dysregulated molecules within
the MM cell provides the preclinical rationale for novel single-agent and combination
clinical trials (Figure 1; Table 3).

6.2 Targeting signaling pathways and signaling molecules within MM cells and the MM BM
microenvironment

MM cell proliferation, survival, migration, and conventional drug resistance are regulated
via different signaling cascades activated in the BM microenvironment including JAK–
STAT, Ras–MEK–ERK, PI3K–Akt, NF-κB, Wnt–β-catenin, TGF-β–Smad, and Notch.
Novel agents (Thal, immunomodulatory derivatives [IMiDs], proteasome inhibitors, and
HSP90 inhibitors) are directed at molecular targets involved in these signaling cascades not
only in MM cells, but also within the BM microenvironment (BM stromal cells, oeteoclasts,
osteoblasts, and endothelial cells) (Figure 2; Tables 3 and 4).

6.2.1 Role of the BM microenvironment in signal transduction in MM cells—
The BM microenvironment plays a crucial role in MM cell proliferation, survival, drug
resistance, and migration mediated via many signaling pathways (phosphatidylinositide- 3
kinase [PI3K]–Akt; NF-κB; Ras–Raf–MAPK kinase [MEK]–extracellular signal-related
kinase (ERK); Janus kinase [JAK]2–signal transducers and activators of transcription
(STAT)3; Wnt–β-catenin; Notch; p38MAPK; and TGF-β– Smad). These signaling cascades
are predominantly activated via soluble factors (cytokines, chemokines) including IL-6,
IGF-1, VEGF, B-cell activating factor (BAFF), fibroblast growth factor (FGF), stromal cell-
derived factor 1α (SDF-1α), TNF-α, and macrophage inflammatory protein-1α (MIP-1α). In

Podar et al. Page 8

Expert Opin Emerg Drugs. Author manuscript; available in PMC 2011 September 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



addition, adherence of tumor cells to cellular components including BM stromal cells (SCs),
osteoblasts, osteoclasts, and endothelial cells also activate these signaling pathways
[83,103]. Among the cellular components, BMSCs are primarily implicated in cytokine- and
cell adhesion-mediated signal transduction in MM cells. In addition to NF-κB, several
signaling pathways are involved in this response: PI3K–Akt pathway; Ras–Raf–MEK–ERK
pathway; JAK2–STAT3 pathway; Wnt–β-catenin pathway; and Notch pathway. These
signaling pathways promote MM cell growth, survival, and migration, contributing to MM
progression and drug resistance [30]. Moreover, many growth factors secreted by both MM
and BMSCs trigger osteoclastogenesis (IL-6, IL-1, VEGF, SDF-1α, MIP-1α) and
angiogenesis (VEGF). Importantly, genetic abnormalities in MM cells can modulate the
ability of MM cells to interact with their BM milieu. For example, MM cells with t(14;16)
translocation overexpress the transcription factor MAF [104,105], which not only
transactivates the cyclin D2 promoter, but also upregulates β7-integrin expression and
thereby enhances MM cell adhesion to BMSCs [92].

Recent studies have identified a small subpopulation (~ 5%) of high clonogenic
postgerminal B cell-like CD138−/CD34−/CD19+ cells within CD138+/CD19− MM cell
lines. These CD138− cells initiated MM following transplantation into non-obese diabetic/
severe combined immunodeficient (NOD/SCID) mice [106,107]. Expansion of these cells is
mediated via the hedgehog (Hh) pathway. Conversely, inhibition of the Hh pathway using
cyclopamine blocks clonal cell expansion and triggers terminal differentiation. In contrast,
no effects of Hh inhibitors were observed on malignant MM cell growth [107]. Of clinical
importance, the CD138− population is relatively chemoresistant, probably due to high drug
efflux capacity and intracellular drug detoxification activity. Specifically, resistance has
been observed to Len, bortezomib, Dex, and cyclophosphamide [108]. In summary, these
data suggest that the existence of a proliferating self-renewing compartment (MM ‘stem
cells’) indicates a potential therapeutic role for targeting molecules within the Hh pathway.
Moreover, these studies recommend that novel agents should be evaluated for their potential
to inhibit expansion of this cell subpopulation.

6.2.2 Ras–raf–MEK–ERK1/2 signaling—ERK1/2 (p42/44 MAPK) are a widely
conserved family of serine/threonine protein kinases mediating cellular programs such as
cell proliferation, differentiation, motility, and death. Upon stimulation, a sequential three-
part protein kinase cascade is initiated consisting of MAP kinase kinase kinase (MAPKKK,
Raf), MAP kinase kinase (MAPKK, MEK), and MAP kinase, ERK). The ERK1/2 signaling
pathway is activated in response to a diverse range of extracellular stimuli including
mitogens, cytokines, and chemokines. In MM cells, constitutive ERK1/2 activation can be
further enhanced by many cytokines and/or chemokines in the BM microenvironment
including IL-6, IGF-1, VEGF, BAFF, SDF1α, and Wnt [83,109].

Mutations in upstream kinases K-ras and N-ras contribute to constitutive activation of ERK,
which is associated with progression of the disease [110–113]. Liu and colleagues reported
that the mean tumor burden and median survival for patients with mutations of N-ras was
indistinguishable from patients with no ras mutations; on the other hand, patients with K-ras
mutations had a significantly higher mean BM tumor burden at diagnosis than patients with
no ras mutations. In contrast, Martin and co-workers also reported the absence of mutations
within either codon 12 of K-ras or codon 61 of N-ras in MGUS or MM, suggesting that Ras
mutations do not play a significant role in the pathogenesis of MM [113].

Farnesyltransferase transfers the farnesyl group from farnesyl diphosphate to the CAAX
motif of Ras, thereby facilitating its attachment to the inner plasma cell membrane and
related signal transduction [114]. Inhibition of farnesylation is therefore a strategy to block
Ras activity, and several farnesyltransferase inhibitors (FTI) inhibit tumor cell growth both
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in vitro and in vivo. In MM, two FTIs (FTI-277, R115777) have antitumor activities:
FTI-277 inhibits growth and induces apoptosis even in drug-resistant MM tumor cells [115].
Although R115777 also induces apoptosis, its effects depend on the status of Ras mutation
in cloned MM cells, but not on the status of N-Ras mutation in fresh MM cells [116].
Moreover, R115777 induces apoptosis in a Ras-independent fashion via multiple intrinsic
pathways [117]. It shows clinical activity in patients with CML and MF; however, its
clinical benefit in MM patients is still unclear [118]. Recently, we have shown that the
MEK1/2 inhibitor AZD6244 shows remarkable anti-MM activities in vitro and in vivo in a
xenograft mouse model of human MM. Specifically, AZD664 blocks phosphorylation of
ERK triggered by IL-6, IGF-1, and CD40 with associated inhibition of MM cell growth, as
well as inhibiting RANKLand M-CSF-induced differentiation of OCs from peripheral blood
mononuclear cells. A derived clinical trial of AZD 2664 in MM will determine its efficacy
in abrogating both tumor cell growth and bone disease [119].

6.2.3 JAK2/STAT3 signaling—JAK2 is a non-receptor tyrosine kinase (RTK) that is
highly expressed and associated with gp130 (IL-6R β-subunit) in MM cells. After IL-6
binding to gp80 (IL-6R α-subunit), JAK2 is activated and induces phosphorylation of
tyrosine residues of gp130 [120–123], followed by interaction and activation of STAT3,
regulated by phosphorylation at tyrosine 705 and triggering dimerization and nuclear
translocation of STAT3 [124]. The biologic sequelae of activation of the JAK2–STAT3
pathway in MM cells is to maintain survival by regulating expression of downstream
antiapoptotic proteins, including Bcl-XL and Mcl-1. Many cytokines and chemokines
trigger multiple signaling cascades; however, the JAK2–STAT3 pathway can be activated
only by gp130 family member cytokines in MM cells. These cytokines include IL-6,
leukemia inhibitory factor (LIF), and oncostatin M (OSM). Among these cytokines, IL-6 is
the major trigger to activate JAK2–STAT3 in the BM milieu [84]. Multiple reports support
an autocrine IL-6-mediated growth mechanism in MM, since some MM cells and derived
cell lines both produce and respond to IL-6 in vitro [125]. Importantly, IL-6 in the BM
milieu is predominantly secreted by BMSCs, and its tanscription and secretion in BMSCs is
regulated by NF-κB [126]. IL-6 secretion is further augmented both by binding of MM cells
to BMSCs, and by secretion of cytokines (ie, TGF-β, VEGF) within the BM
microenvironment [126–131].

The JAK2–STAT3 pathway is therefore a promising therapeutic target in MM. Indeed,
recent studies demonstrated significant anti-MM activities associated with STAT3 inhibition
induced by azaspirane [132], pyridone-6 [133], ursidic acid [134], capsaicin [135], and the
farnesoid X receptor antagonist guggulsterone [136].

6.2.4 Phosphoinositide 3-kinase (PI3K), Akt, and PKC signaling—Growth factors
and hormones trigger PI3K activation and mediate cell growth, cell cycle entry, cell
migration, and cell survival [137]. PI3K is composed of p85 (α, β) regulatory subunit and
p110 (α, β, γ, δ) catalytic subunit; however, the biologic significance of each subunit in MM
cells remains unclear. Phosphoinositide-dependent protein kinase 1 (PDK1) is a downstream
kinase of PI3K that plays a crucial role in activating both Akt (PKB) and PKC isoenzymes
p70 S6 kinase and RSK [138,139]. PTEN (phosphatase and tensin homolog deleted on
chromosome 10) is a major negative regulator of the PI3K–Akt signaling pathway [140];
however, mutation of PTEN is not frequent in MM cells.

In MM, PI3K–Akt signaling and its downstream target proteins can be activated by many
cytokines including IL-6, IGF-1, VEGF, SDF1α, and BAFF [83,141]. This cascade regulates
growth via downstream mammalian target of rapamycin (mTOR) and p70 S6 kinase
pathway, and modulates cell cycle and proliferation both directly via activity on the CDK
inhibitors p21WAF1/Cip1 and p27 Kip1, as well as indirectly by affecting the levels of p53 and
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cyclin D1. Akt (PKB) is also a major downstream mediator of cell survival directly by
inhibiting proapoptotic protein Bad and forkhead family of transcription factors (FKHR),
and indirectly by modulating two major regulators of cell death [137,142–147]. We have
shown that IL-6 overcomes dexamethasone-induced apoptosis via activation of Akt in MM
cells [148,149]; therefore PI3k/Akt signaling is also a promising therapeutic target in MM.

Recently, anti-MM activity of perifosine, a synthetic novel alkylphospholipid that potently
inhibits Akt, has been reported. Perifosine inhibits cytokine- and BMSC-induced Akt
activation of PDK1 without inhibiting PDK1 phosphorylation, and is associated with
significant cytotoxicity in both MM cell lines and patient MM cells resistant to conventional
therapeutic agents. Perifosine significantly downregulates expression of β-catenin and its
downstream molecule, surviving, and induces MM cell cytotoxicity via caspase activation.
Anti-MM activities of perifosine in a human MM cell xenograft mouse model are also
remarkable [119,150–152], and Phase I/II clinical trials of perifosine with bortezomib are
ongoing. As described above, mTOR is one of the major downstream molecules of Akt in
MM, and previous studies have shown that inhibition of mTOR by rapamycin and other
inhibitors (CCI-779), either alone or in combination with other agents (Dex, Len, Hsp90
inhibitor), results in significant anti-MM activities [153–156].

Members of the intracellular PKC family of serine/threonine kinases are also potential
therapeutic targets in MM. Specifically, PKC isoform expression has been reported in
several MM cell lines. Functionally, PKCs are: i) involved in MM cell apoptosis; ii)
required for VEGF- and Wntinduced MM cell migration; and iii) associated with the control
of IL-6 receptor-α shedding. Importantly, the unique gene signature of MM patients with the
adverse prognostic t(4;14)(p16;q32) translocation shows marked upregulation of PKCβ
[157]. Preclinical and clinical studies using the macrocyclic bisindolylmaleimide enzastaurin
or the N -benzylstaurosporine midostaurin/PKC412 to target PKC pathways demonstrate
promising activity in a variety of tumors including MM and Waldenstrom’s macro
globulinemia (WM). Interestingly, the anti-MM activity of enzastaurin is mediated
downstream of PKC via β-catenin upregulation by preventing phosphorylation required for
its proteasomal degradation. In turn, upregulated β-catenin induces both early ER stress
signaling via eIF2α, CHOP, and p21, leading to immediate growth inhibition; as well as
later c-Jun/p73 induction, leading to MM cell death [158].

6.2.5 NF-κB signaling—NF-κB, a member of Rel family proteins including RelA (p65),
RelB, c-Rel, NF-κB1 (p50) and NF-κB2 (p52), regulates protein expression mediating cell
cycle/proliferation, antiapoptosis, and cytokine secretion in cancer. Recent studies have
defined two different cascades mediating NF-κB activity: the canonical (classic) and non-
canonical (alternative) pathways. Canonical NF-κB is typically a heterodimer composed of
p50 and p65 subunits and is constitutively present in the cytosol and nucleus. In the cytosol,
NF-κB is inactivated by its association with I κB family inhibitors [159]. I κBα therefore has
a crucial role in regulating NF-κB activation. For example, various growth- and/or
antiapoptosis-promoting cytokines trigger IκB protein phosphorylation by IκB kinases
(IKKs), followed by its proteasomal degradation. These events allow translocation of NF-κB
into the nucleus, where it binds to specific DNA sequences in the promoters of target genes,
thereby stimulating transcription. The importance of the non-canonical pathway,
predominantly mediated by p52/RelB, has been demonstrated in MM. Indeed, recent studies
have defined genetic abnormalities associated with NF-κB activation in MM [160,161],
confirming the biologic significance of non-canonical NF-κB signaling in MM pathogenesis.
Specifically, the non-canonical NF-κB pathway is constitutively activated in MM cells with
inactivation of TRAF3 [161], suggesting that the non-canonical pathway represents a novel
therapeutic target.
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Although the precise role of NF-κB activation in pathogenesis of MM has not been fully
characterized, we have previously shown that MM cell adhesion to BMSCs induces NF-κB-
dependent upregulation of IL-6 [126,162]. In addition, TNF-α secreted by BMSCs
upregulates intracellular adhesion molecule-1 (CD54) and vascular cell adhesion molecule-1
(CD106) expression on both MM cells and BMSCs via NF-κB, thereby increasing MM cell
to BMSC binding and related IL-6 secretion [131]. Since IL-6 is a major growth and
survival factor in MM cells [163,164], blockade of NF-κB signaling represents a novel
therapeutic strategy in MM.

We and others have shown that a variety of novel agents with both preclinical and early
clinical anti-MM activity, including the proteasome inhibitor bortezomib [30], Thal and
IMiDs [165], histone deacetylase inhibitors [93], TGF-β inhibitor [166], lysophosphatidic
acid acyltransferase-β inhibitor [167], and 1′-acetoxychavicol acetate [168], inhibit both NF-
κB activation and MM cell growth. Importantly, we have also shown that the small-
molecule IKK-β inhibitors PS-1145 and MLN120B block MM cell growth in the context of
BMSCs, associated with downregulation of IL-6 secretion from BMSCs [162,169].
MLN120B also inhibits MM cell growth in a clinically relevant SCID-hu mouse model,
suggesting the potential utility of novel therapeutics targeting IKK-β in MM.

6.2.6 Wnt–β-catenin signaling—Wnts comprise a family of secreted proteins that
interact with receptors consisting of a Frizzled (Fz) family member, alone or complexed
with LDL receptor-related proteins (LRP5/6). Wnt signaling regulates various
developmental processes and can lead to malignant tumor formation. Intracellularly, the Wnt
signaling cascade blocks phosphorylation and degradation of β-catenin by proteasomes,
thereby leading to accumulation of β-catenin in the cytoplasm [170]. In MM, the canonical
Wnt signaling pathway is activated following treatment with Wnt-3a, associated with
accumulation of β-catenin. Wnt-3a treatment also led to significant morphological changes
in MM cells, accompanied by rearrangement of the actin cytoskeleton.

The biologic significance of Wnt/β-catenin signaling in MM has not been totally defined.
Derksen and colleagues demonstrated that MM cells overexpress β-catenin, including its N-
terminally unphosphorylated form, consistent with active β-catenin/T cell factor-mediated
transcription. Accumulation and nuclear localization of β-catenin and/or increased cell
proliferation resulted from stimulation of Wnt signaling via Wnt-3a, LiCl, or the
constitutively active mutant of β-catenin [171]. Moreover, we have shown that F115 – 584,
which disrupts the interaction of the transcriptionally active β-catenin–TCF protein complex,
both blocks expression of Wnt target genes and induces cytotoxicity in patient MM cells and
MM cell lines, without toxicity in normal plasma cells.

In xenograft models of human MM, PKF115 – 584 inhibits tumor growth and prolongs
survival [172], suggesting that Wnt–β-catenin represents a therapeutic target in the treatment
of MM. Interestingly, Qiang and co-workers demonstrated that Wnt-mediated migration is
associated with the Wnt–RhoA pathway, but does not require signaling through β-catenin
[173]. Moreover, Qiang and others reported that treatment of human MM in SCID-hu mice
with recombinant Wnt3a attenuates MM cell growth, suggesting that Wnt3a signaling within
the BM inhibits tumor growth [174]. Importantly, MM cells in BM-biopsy specimens
contained detectable dickkopf 1 (DKK1), a negative regulator of Wnt signaling cascade and
target of the β-catenin–TCF pathway. Moreover, elevated DKK1 levels in BM plasma and
peripheral blood from patients with MM correlated with the DKK1 gene-expression patterns
associated with focal bone lesions [175]. However, a recent study has shown that MM cells
do not inhibit canonical Wnt signaling in the human BM microenvironment [176].
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6.3 Focus on antibody-based therapies
In contrast to small-molecule inhibitors, therapeutic antibodies offer the potential not only to
target tumor cells, but also to spare normal tissues and directly activate an immune response
against tumor cells. However, they may also increase the risk of adverse immune reactions.
The therapeutic success of the CD20-targeting antibody rituximab in non-Hodgkin’s
lymphoma expanded the interest in unconjugated Abs for cancer therapy, including MM
(Figure 3). However, to date, no mAb-based therapy has been approved for MM treatment.
Indeed, studies in early 2000 showed only minimal activity of rituximab and anti-CD38
antibodies in MM. Despite these disappointing beginnings, > 10 potential mAb candidates
targeting MM cells have entered clinical development in recent years (Table 4). Specifically,
these mAbs directed against MM cell surface antigens (CD40, HM1.24, IGF-1R, CD56,
CS1, CD138, CD74, IL-6R, CD38, TRAIL-R1) are being investigated as potential new
therapies in MM. Therapeutic antibodies with great promise include a humanized anti-CD40
antibody [177], which both alone and with Len enhances antibody-dependent cellular
cytotoxicity (ADCC) [178]; the humanized monoclonal antibody HuLuc63, which targets
CS-1 and mediates selective ADCC in vitro [179]; as well as anti-FGFR3 antibody [87].
Moreover, mAb-based targeted therapies can also inhibit growth and survival advantages
provided by cytokines and growth factors as well as the interaction of the MM cell with the
BM microenvironment. For example, mAbs targeting IL-6, osteoprotegerin (OPG), DKK1,
VEGF, and BAFF are among those under clinical evaluation (Table 5).

6.4 Focus on MM bone disease
MM bone disease results from an unbalanced OC/OB axis, with enhanced bone resorption at
the expense of bone deposition. MM cells directly interfere with physiologic bone
remodeling by releasing OC-promoting cytokines such as receptor activator of NF-κB ligand
(RANKL) [180], IL-1 [181], IL-6 [182], CCL3–MIP-1α [183], and CCL20 [184]. On the
other hand, MM cells inhibit BM mesenchymal stem cell differentiation into OBs by
releasing inhibitors of the WNT pathway, such as DKK1 and sFRP [175,176]. These MM-
induced modifications in bone homeostasis lead to the development of osteolytic lesions,
support tumor growth, and confer chemoresistance [185,186]. Therefore drugs such as the
RANKL inhibitor denosumab (Amgen) and DKK1-neutralizing antibody, which aim to
restore the balance of bone resorption and formation, may also target tumor growth, drug
resistance, and tumor burden [187,188]. Of note, these novel compounds influence general
bone homeostasis pathways and are often effective also in non-cancer settings such as
osteoporosis. For example, neutralizing antibodies against DKK1 stimulate bone mass also
independently of the presence of MM cells, suggesting that in addition to MM cells other
sources of DKK1 production and secretion may be present in the BM microenvironment
(Figure 4 and Table 6) [189].

7. Competitive environment
Similar to Thal, Len, and bortezomib, additional novel therapies are directed at targets
expressed by tumor cells or by other cells within the BM microenvironment in order to
decrease MM–BM stromal cell interaction and inhibit tumor cell proliferation and drug
resistance [80,103,141]. To date, the main class of anti-MM agents is represented by small-
molecule inhibitors. Preclinical results also indicate a therapeutic role for targeted antibody-
based therapy. Promising agents in clinical studies include HDAC inhibitors panobinostat
(LBH-589), SAHA, and romidepsin; HSP90 inhibitor tanespimycin (KOS-953);
immunomodulatory drug pomalidomide (IMiD CC4047; actimid); CDK inhibitor
flavopiridol; mTOR inhibitor temsirolimus; the VEGF inhibitors aplidin, bevacicumab, and
sorafenib; second-generation proteasome inhibitors carfilzomib and NPI-0052; FGFR3
inhibitors; CD40 antagonists; FTI and MAPK inhibitors; and PI3K inhibitors.
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8. Potential development issues
Despite having a controversial history, Thal is one of the most widely prescribed anti-MM
agents in the United States. Moreover, Pharmion Corp., which was bought by Celgene in
2008 for $2.9 billion, won recommended approval to reintroduce Thal to Europe as an anti-
MM agent 50 years after its withdrawal from the market as a sedative and remedy for
morning sickness (distributed by Grunenthal) in pregnant women. Celgene has developed
IMiDs, including Len, in order to both increase potency and reduce toxicity. Revlimid in
combination with Dex received marketing authorization for treatment of MM patients after
at least one prior therapy in the United States, Australia, Canada, and Europe. Besides MM,
Revlimid is also approved for use in the United States and Canada for the treatment of
patients with transfusion-dependent anemia due to low- or intermediate-1-risk
myelodysplastic syndrome (MDS) associated with a deletion 5q cytogenetic abnormality,
with or without additional cytogenetic abnormalities. However, the European Union, the
EMEA’s Committee for Medicinal Products for Human Use (CHMP) issued a ‘Negative
Opinion on the Company’s Marketing Authorisation Application’ for Len for this latter
patient cohort due to insufficient data to support positive benefit–risk balance. Further trials
are therefore needed.

Similar to Thal and Len, bortezomib also has dose-limiting adverse side effects. Further
studies by Millenium/Takeda and other companies aim to develop more potent and less toxic
proteasome inhibitors. It remains to be determined whether the therapeutic window of agents
including tanespimycin, temsirolimus, sorafenib, enzastaurin or other smallmolecule
inhibitors is favorable. Moreover, clinical trials are testing whether the preclinical promise
of targeted antibody therapy translates into the clinical setting.

9. Expert opinion and conclusions
Significant advances in MM therapy during the last 8 years have been achieved with the
introduction of Thal, Len, and bortezomib, which target the tumor cell in its
microenvironment in both laboratory and animal models. Preclinical results have rapidly
translated from the bench to the bedside: each of these agents was first used effectively to
treat relapsed/refractory disease and then combined with Dex in transplant candidates and
with MP in elderly patients as initial therapy to achieve increased frequency and extent of
response. The most promising new bortezomib combinations include bortezomib with doxil,
tanespimycin, Len, and LBH589 or SAHA, which are likely to further improve MM
treatment regimens.

In the future, oncogenomics will be useful not only to identify novel therapeutic targets and
to validate targeted therapies, but also to inform the design of clinical trials. Indeed, gene
profiling and array comparative genomic hybridization are allowing for RNA- and DNA-
based classifications of patients in order to identify those most likely to respond [190,191].
Remarkably, complete responses are achieved in up to 40% of newly diagnosed MM
patients with combinations of chemotherapeutic/novel therapies, i.e., Len–bortezomib–Dex.
These high response rates now allow for clinical trials to assess the added value of
autologous SCT in initial therapy regimens [38].

There has been much progress in MM treatment options; many of the novel drug
combinations with conventional chemotherapy have resulted in better response rates.
However, most of the studies show no benefit in terms of TTP or OS, i.e., a recent update of
the randomized Italian trial comparing MP with MPT [67]. Therefore there remains the
urgent need for less toxic and more potent targeted therapies. The most promising novel
agents target: i) signaling events in tumor cell development (e.g., FGFR3, PRO-001); ii)
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cytokines, growth factors and their receptors (e.g., IL-6, CD40, BAFF); iii) signaling
sequelae triggered by cytokines and growth factors as well as MM cell–BMSC interactions
(MEK: AZD644; PKC: Enzastaurin; NF-κB: MLN120B; Akt: perifosine; proteasomes:
NPI0001, carfilzomib); iv) molecules at the cell membrane (e.g., CS-1); v) the tumor-
supportive MM microenvironment, including BM angiogenesis (VEGF: avastin, pazopanib);
and vi) mechanisms of MM bone disease (e.g., RANKL).

Although these compounds, especially when given in combination, show high activity in
preclinical in vitro and in vivo settings, we eagerly await their clinical evaluation. Indeed,
most of these agents are already under evaluation for their therapeutic potential in MM
treatment either alone or in combination with other novel or conventional agents.
Combination therapies have been curative in childhood acute lymphocyte leukemia and
Hodgkin’s disease, and we are now poised to rationally combine novel and conventional
therapies to similarly improve patient outcome in MM.
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Figure 1.
MM signaling pathways.
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Figure 2.
MM BM microenvironment.
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Figure 3. Mechanisms of action associated with unconjugated antibodies
Chimeric/humanized or fully human IgG1 mAb induces antitumor activity mainly by: A.
ADCC; B. CDC, through interaction between tumor cells and target tumor cells. Some Abs
could directly induce apoptosis upon binding to cell surface antigen on tumor cells (C).
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Figure 4.
Targeting MM bone disease.
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Table 1

Chronology of advances in multiple myeloma treatment.

Year Advances in MM therapy

1844 Rhubarb and orange peel infusion
Strengthening plaster, leeches and blisters

1845 Therapeutic bleeding, cupping, steel and quinine
Camphor, warm baths, Dover’s powder

1947 Urethane

1958, 1962, 1967 Sarcolysin/melphalan (M)/L-phenylalanine mustard (L-PAM)

1962, 1967 Single-agent prednisone (P)

1969 Melphalan-prednisone (MP)

1972 – 1977 VBMCP, VMCP/VBAP, BCNU, ABCM, VCAP, VAD

1982 – 1987 Allogeneic SCT

1983 – 1987 Autologous SCT using different HDT protocols

1995 Biphosphonates

1999 Thalidomide (T)

2006 T/Dex – newly diagnosed MM

2006 – 2007 MPT

2003 – 2004 FDA: bortezomib (V) – relapsed and refractory MM (SUMMIT) and progressive MM after initial therapy (APEX)

2006 FDA: lenalidomide (Len) Dex – relapsed MM

2007 FDA: V/Doxil

2008 FDA: MPV – progressive MM (VISTA)
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Table 2

Medical needs.

Existing therapy

Prevention/treatment of adverse side effects

Optimized therapeutic sequencing

Patient-specific tailoring of treatment regimens

Novel therapies

Identification of new therapeutic targets

Development of more potent, less toxic agents

Overall goal

Improvement of patient survival

Improvement of patient’s quality of life

Transition to chronic disease

Cure
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Table 3

Small-molecule inhibitors.

Agent Company Target Phase Remark

Targeting MM cell development

SU5402 Sugen Inc. FGFR3

SU10991 Sugen Inc.

PD173074 Pfizer

CHIR-258 Novartis/Chiron I/II p.o.

SAHA (Vorinostat) Merck HDAC I i.v.

NVP-LAQ824 Novartis p.o.

Panobinostat (LBH589) Novartis II p.o.

Romidepsin (depsipeptide, FK228) Gloucester Pharm. I/II i.v.

ITF2357 Italfarmaco p.o.

PXD101 CuraGen II i.v.

Belinostat TopoTarget AIS II p.o.

MS-275/SNDX-275 Bayer Schering, Syndax I p.o.

Tubacin Broad Institute HDAC6

GRN163 Geron Corp. Telomerase I i.v.

TMPyP4

Telomestatin

Epothilone B (KOS-862) Novartis microtubuli i.v.

Flavopiridol/alvocidib Sanofi-Aventis CDKs II i.v.

PD 0332991 Pfizer I/II p.o.

Targeting the cell membrane

Statins Merck HMG-CoA I/II p.o.

Lovastatin

Fluvastatin

Simvastatin

Targeting cytokines, growth factors and their receptors

Sant7 (soluble IL-6 receptor) Sigma-Tau IL6-R i.v.

PTK787/ZK222584 (Vatalanib) Novartis VEGF II p.o.

Pazopanib (GW786034B) GlaxoSmithKline II p.o.

Sorafenib (BAY43-9006/Nexavar) Bayer & Onyx I p.o.

ZD6474 AstraZeneca II p.o.

SU5416 Sugen, Inc. II i.v.

Sunitinib (SU011248) Pfizer II p.o.

PI-88 Progen s.c.

XL999 Exelixis II i.v.

Neovastat (AE-941) Aeterna Zentaris II p.o.

BIBF100 Boehringer Ingelheim FGF, VEGF p.o.

AMD3100/perixafor/JM3100 Genzyme SDF-1 II/III i.v.

Chir12-12 Chiron i.v.
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Agent Company Target Phase Remark

Atacicept ZymoGenetics TACI-Ig i.v.

NVP-ADW742 Novartis IGF-1 p.o.

JB-1 Chiron i.v.

Targeting downstream signaling pathways

R115777 (Tipifarnib/Zarnestra) J&J FT I/II p.o.

SCH66336 (Lonafarnib) Schering-Plough p.o.

Sorafenib (BAY43-9006/Nexavar) Bayer Raf-1 I/II p.o.

AZD6244 (ARRY-14886) AstraZeneca MEK1/2 p.o.

Perifosine (KRX-0401) Keryx Akt I/II p.o.

Rapamycin, P70S6 Genentech mTOR p.o.

CCI-779 (temsirolimus) Wyeth II i.v.

RAD001 (Everolimus) Novartis II p.o.

AP23573 (Deforolimus) Ariad II i.v.

Atiprimod Callisto Pharm. JAK/Stat I/II p.o.

Aplidin (plitidepsin) PharmaMar SAPK/JNK II i.v.

SCIO-469 SCIOS Inc. p38 II p.o.

PS-1145 Takeda NF-κB, IκK p.o.

BAY11-7082 Biomol

RTA 402 (CDDO-Me) Reata I p.o.

AS602868 Merck p.o.

MLN120B Takeda

ACHP Bayer

PKF115-584 Wnt

Enzastaurin Eli Lilly PKC I/II p.o.

Midostaurin (PKC412) Novartis p.o.

Tanespimycin (KOS-953) Kosan Biosciences HSP90 III p.o.

Geldanamycin (17-AAG) Kosan Biosciences II i.v.

Inducing MM cell apoptosis

LBW242 Novartis Smac agonist

2ME2 EntreMed SOD II p.o.

B3139 (Genasense)/oblimersen Genta Incorp. Bcl2 III i.v.

Targeting MM cells and the MM BM microenvironment

Bortezomibortezomibrtezomib Takedaortezomibrtezomib Proteasome i.v.

NPI-0052 Nereus I i.v.

PR-171 Cephalon I i.v.

CEP-18770 Cephalon i.v.

Thalidomide Celgene Thal p.o.

Lenalidomide Celgene IMiD p.o.

Pomalidomide/actimid Celgene II p.o.
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Table 4

Obstacles to effective antibody therapy.

Immunogenicity of xenogeneic antibodies

Shedding of antigen into circulation

Heterogeneity of antigen on tumor surface

Limited numbers of effector cells at tumor

Immunosuppressive tumor microenvironment

Disordered vasculature in tumors

Expression of CD55, CD59, CD46 that interfere with CDC and allow tumor cells to escape complement attack
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Table 6

Targeting MM bone disease.

Targeting MM bone disease

RANKL: Fc J&J RANKL I/II i.v.

Denosumab Amgen RANKL III i.v.

OPG: Fc Genway OPG

AMGN-0007 Amgen OPG

PXD101 (belinostat) Curagen HDAC II p.o.

AZD6244/ARRY-142886 AstraZeneca MEK p.o.

Resveratrol –

MLN3897 Takeda CCR1

SDX-308 Cephalon COX

IMiDs: CC-4047, lenalidomide Celgene IMiDs p.o.

Bortezomib Takeda Proteasome
DKK-1

i.v.
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